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Rate  coefficients  for  production  of  excited  nitrogen  have  been  measured,  and  energy^iransfer 
reactions  utilizing  the  excited  nitrogen  have  been  studied.^ Three  reactions  were  involved 
in  chemical  production  of  excited  nitrogen  (N2*)  when  H  and)lF  were  mixed: 


H  +  NF2  -  HF  +  NF  (a1*) 
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H  (ZD)  +  NF  (axA)  -*>  N2*  +  F 


t  l svr*'*f>  ) 


Reaction  (2)  is  slow,  k2  *(3.1  ±  0.6)  *  IQ"13  cm3molecule*1sec'1.  Reaction  (3)  is  essen¬ 

tially  gas  kinetic,  k3  =  (1.6  =  0.7)  *  10"13cm  molecule'^ec"1,  and  produces  mostly 
N.(B3-  ).  The  N2(A3:  +) which  is  observed  is  probably  produced  from  radiative  cascade  (over) 
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19.  ABSTRACT  (Continued) 

from  N2(B).  The  major  impediment  to  production  of  large  number  densities  of  N2(A,B)  using 
this  system  is  the  rapid  quenching  of  Na ( A)  by  atomic  hydrogen. 

Energy  transfer  reactions  from  N2(A)  to  potential  laser  species  revealed  that  NO  quenches 
N2(A)  with  a  rate  coefficient  of  approximately  7  *  10"X1  cm3molecule-1sec-1 ,  efficiently 
producing  N0(A2it,  v'=0,l).  When  IF  is  added  to  a  flow  of  active  nitrogen  three  different 
band  systems  are  excited,  one  of  which  is  IF  (B  3ir0+).  The  other  two  IF  systems  remain  to 
be  identified.  The  excitation  rate  of  these  systems,  if  N  (B)  is  the  exciting  species,  is  an 
order  of  magnitude  faster  than  gas  kinetic.  Therefore,  N  (B)  is  thought  to  be  only  a  tracer 
of  the  actual  species  exciting  IF;  the  most  likely  source  is  excited  ground  state  nitrogen. 

The  quenching  of  N:(8)  by  molecular  nitrogen  is  quite  rapid,  with  a  rate  of  approximately 

2  *  10'llcm3molecule*1sec"1.  Argon  does  not  quench  N2(B)  electronically,  but  strongly  redis¬ 
tributes  vibrational  energy  to  lower  vibrational  levels. 

Energy  pooling  of  two  N2(A)  molecules  proceeds  with  a  rate  coefficient  of  aporoximately 

3  *  10'1°cm3moleci,les_1sec"1,  when  both  molecules  are  in  v'=Q,  and  about  50  percent  faster 

when  one  molecule  is  in  v'*l.  In  both  cases,  the  products  are  N  (B),  N2(C3^  )  and  bands  of 
the  Herman  infrared  system.  u 


UNCLASSIFIED - 
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SUMMARY 


This  report  summarizes  work  aimed  toward  understanding  chemical  pathways 


for  producing  excited  nitrogen  molecules,  and  energy-transfer  reactions  of  the 
excited  nitrogen  molecules  which  night  prove  important  in  potential  laser 
devices.  The  nain  thrust  of  the  effort  on  cheaical  production  of  excited 
nitrogen  involved  detailed  studies  of  several  important  reactions  in  the 
following  reaction  sequence: 


H  +  NF2  *  HF  +  hFta1!) 

H  +  NFU1,!)  ♦  8f  t  N(2D) 


( 1 ) 

( 2 ) 


N(2D)  +  NF  ( a  1 1 )  N2" 


(3) 


All  observations  lend  support  to  this  mechanism  as  being  the  route  to  making 
N2*  when  H  and  NF2  are  mixed  together.  Measurements  show  that  the  rata  coef¬ 
ficient  for  reaction  2  is  relatively  slow,  k2  «  (3.1  z  0.6)  :<  10-12  cmJ 


molecule-1  s-1.  In  contrast,  the  rate  coefficient  for  the  third  reaction  is 


essentially  gas  kinetic,  k2  «  (1.6  :  0.7)  x  IQ-12  cm2  molecule-1  3- ‘ 


The 

quoted  rate  coefficient  for  this  reaction  is  actually  the  rate  cofficient  for 
producing  M2(32"g),  v'  *  1-12)  rather  than  the  total  reaction  rate  coeffi¬ 


cient.  Observations  of  other  products,  e.g.,  M2(a1'T 


a'rig)  ,  indicate  that  the 

channel  which  produces  N2(3)  is  far  and  away  the  largest  one.  Some  1-I2(A'52U+) 
from  the  reaction  is  observed,  as  demonstrated  by  observing  Vegard-Kaplan 
emission  in  the  ultraviolet,  but  these  observations  indicate  that  the  *ln(A) 
most  likely  is  produced  by  radiative  cascade  from  N2 ( 3 ) .  This  point  re-tains 
to  be  clarified. 


The  species  MF(b1f+)  and  h'(43)  were  not  significant  precursors  to  h’2(3) 
formation.  The  population  of  N'F(o)  was  too  small  to  affect  any  observations, 
while  N(“*$)  was  formed  subsequent  to  N->(3)  formation. 


Reaction  3  appears  to  be  a  rapid  and  efficient  source  of  M2(3),  anc  or.e 
might  indeed  be  able  to  generate  .large  number  densities  of  N2(A,S),  if  one  can 
produce  large  number  densities  of  NFia)  and  N*(-*0).  The  major  impediment  we 
foresee  in  using  this  scr.eoe  to  produce  large  number  densities  of  h'2(A,5)  is 
that  atomic  hydrogen  appeared  to  guench  N2(A)  rather  efficiently.  Thus  one 
would  have  to  adjust  conditions  to  minimize  the  existence  of  free  hydrogen 
atoms. 


Observations  on  *l2*  energy  transfer  reactions  focussed  upon  the  transfer 
of  electronic  energy  between  N2(A2ru'*)  and  NO,  upon  the  products  of  N2(A) 
energy  pooling,  upon  the  excitation  of  IF  by  active  nitrogen,  and  the  charac¬ 
terization  of  vibrational!-/  excited  N'2(X,v)  in  active  nitrogen.  We  demon¬ 
strated  that  N2(A)  excites  NG(A)  very  efficiently  (k  =  7  x  10-11  caJ 
molecule-1  s-1).  The  efficiency  of  tne  reaction,  furthermore,  does  not 
degrade  as  the  pressure  in  the  reactor  increases.  Spectroscopic  observations 
of  ’JO(A)  emission  indicate  a  significant  variation  in  the  transition  moment  of 
the  NO(A2:-— X2.1)  transition  with  r-centroid.  The  effect  is  such  as  to 
increase  the  relative  importance  of  transitions  wit.n  larger  iv,  implying  that 
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laser  gain  for  the  red  shifted  transitions  0,2-0, 5  will  be  somewhat  larger 
than  anticipated.  This  increases  the  probability  of  adequate  gain  on  these 
transitions  for  a  laser  device.  Finally,  it  has  been  deterained  that  the 


radiative  lifetime  of  M2(A)  is  about  20  percent  longer  than  previously 


thought. 


Studies  on  tf-CA)  energy  pooling  deterained  the  production  rates  of  vari¬ 
ous  vibrational  levels  of  •  ^O^Hg),  and  the  Herman  infrared  sys tea 

as  a  function  of  vibrational  level  of  the  ^(A)  molecules  involved  in  the 
pooling  process.  Results  indicate  a  total  rate  coefficient  for  the  energy 
pooling  process  of  about  4.0  x  10-1^  ca^  molecule"1  s"1  when  we  use  the  Nq^A) 
Einstein  coefficients  of  Shenansky.  If  the  hypothesis  is  correct  that  these 
Einstein  coefficients  are  about  30  percent  too  large,  then  the  actual  value  of 
the  energy  pooling  rate  coefficient  will  be  roughly  2.5  x  10~10  cm3 
molecule-1  s" 1 .  Clearly,  the  issue  of  the  ^(A)  lifetime  must  be  resolved  to 
clear  up  this  point. 


Observations  boch  in  the  M2O)  formation  from  reaction  3  as  well  as  that 
from  energy  pooling  shows  fairly  dramatic  changes  in  the  vibrational  level 
distribution  of  the  M2I2}  as  a  function  of  argon  pressure,  even  for  pressures 
below  3  torr.  Molecular  nitrogen,  on  the  other  hand,  appears  to  quench  the 
electronic  energy  in  the  ^2(3)  quite  efficiently,  k  -  2  x  IQ-11  cm3 


molecule-1  3-1,  out  does  not  change  the  vibrational  level  distribution 


strongly.  These  issues  of  NjO)  quenching  and  vibrational  redistribution  are 
vital  to  modeling  potential  laser  operation.  Clearly,  if  the  end  result  of 
N 2 ( 3 )  quenching  is  formation  of  NqO,  v'  -  0,1) — levels  we  could  observe 
either  poorly  or  not  at  ail— or  N^IA),  then  apparent  quenching  of  the  higher 
vibrational  levels  of  M2 ;  3 )  probably  will  not  affect  efficiencies  as  the 
system  is  scaled  to  higher  pressures  of  argon  or  nitrogen.  Similarly  energy- 
pooling  losses  will  be  reduced  in  that  energy-pooling  reactions  which  produce 
N 2 ( C )  or  M2(3)  ultimately  regenerate  >0 1 A) .  Thus  the  effective  loss  is  only 
one  molecule  per  pooling  event  ratr.er  than  two.  If,  however,  N2O)  quenching 
produces  grour.c-s  tu  te  nitrogen,  then  at  higher  pressures,  effective  N'2 *  forma¬ 
tion  from  reaction  3  would  be  reduced  and  the  pooling  losses  would  double. 


A  diagnostic  was  developed  for  M-lX.v)  in  active  nitrogen  which  is  based 
upon  the  Panning  ionisation  reaction  between  metastable  helium  atoms  and 
molecular  nitrogen.  This  reaction  produces  ^’’’(B^E'*’)  state  in  Franck-Condon 
transitions  from  the  ground  state.  The  resultant  vibrational  distribution  of 
the  M2~(3^3u"r — X^Eg’’)  emission,  therefore,  mirrors  the  vibrational  distribu¬ 
tion  of  the  N'2(X,v).  We  hsva  also  demonstrated  the  production  of  M2"l’(T^Eu'r) 
in  Penning  ionisation  of  metastable  helium  with  M2(X,v).  This  indicates  the 
presence  of  vibrational  excitation  in  excess  of  3.3  eV  in  the  ground-state 
ni trogen. 


It  has  been  shown  that  three  different  band  systems  of  IF  ara  excited 
when  IF  is  added  to  a  flow  of  active  nitrogen.  One  of  these  systems  is  the 
w-  11-known  IF12J'  * — X1"'1’)  system,  while  we  have  been  unable  to  identify 
the  other  two  systems  as  yet.  The  excitation  rates  of  all  three  systems 
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varies  in  proportion  to  the  number  density  of  W2^3)  in  the  reactor.  The 
effective  excitation  rata  coefficient  implied  by  the  data  however,  is  an  order 
of  magnitude  greater  than  gas  kinetic.  Thus  the  N2(3)  is  only  a  tracer  of  the 
actual  species  responsible  for  the  1?  excitation.  We  have,  so  far,  been 
unable  to  identify  the  I?  excitation  source,  but  think  that  the  most  likely 
hypothesis  is  N'i(X.v). 
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INTRODUCTION 


1  . 

The  lowest-lying  netastable  stare  of  ^3,  A”IU+,  is  a  well-known  energy 
reservoir  (~o  eV)  which  has  potential  as  an  energy-storage  candidate  for  use 
in  short-wavelength  laser  systems.  As  such,  knowing  the  means  to  generate 
this  species  efficiently  and  understanding  its  energy- transfer  kinetics  in  the 
lasing  medium  are  essential  requirements  for  laser-device  design.  This  pro¬ 
gram  was  designed  to  quantify  the  fundamental  kinetics  and  mechanisms  of 
several  key  aspects  of  ^(A)  generation  and  utilization.  These  investigations 
provide  a  fundamental  data  base  which  is  a  necessary  first  step  in  developing 
an  N2(A)  transfer  laser. 

Several  laboratory  investigations  have  identified  methods  for  forming 
N2(A)  chemically.  Two  methods,  in  particular  (Refs.  1  through  5),  may  be 
capable  of  producing  N’2<A)  in  sufficient  quantities  to  drive  a  transfer  laser. 
The  first  method  consists  of  a  set  of  reactions  initiated  by  the  reaction  of 
atomic  hydrogen  with  NF2 ,  and  appears  to  involve  the  metastables  NFta1!)  and 
N(2Q)  as  key  intermediate  species  (Refs.  1  through  3).  An  intriguing  second 
method  13  the  bimolecular  disproportionation  of  the  highly  energetic  azide 
radical,  N3  (Refs.  4,5).  The  former  method  has  a  potentially  high  efficiency 
per  unit  mass,  but  requires  the  handling  of  the  hazardous  species  N2F4  (the 
thermal  source  of  NF2),  antS  '“y  present  serious  kinetic  complications  upon 
scale-up  from  laboratory  experiments.  The  latter  method,  which  uses  ionic 
metal  azides  such  as  NaNj  as  thermal  sources  of  N3  radicals,  is  also  poten¬ 
tially  efficient  per  unit  mass. 

Additional  aspects  which  govern  the  efficiency  of  potential  chemical 
laser  devices  are  the  efficiency  of  transferring  energy  from  ^(A)  into  the 
lasing  medium  and  the  efficiency  with  which  energy  is  drained  from  the  ^(A), 
both  by  other  species  in  the  medium  as  well  as  by  itself.  Several  candidate 
energy-transf er  schemes  have  been  identified  whose  kinetics  and  efficiencies 
need  to  be  quantified  in  the  laboratory.  Under  previous  sponsorship 
(Ref3.  6,7),  PS I  studied  the  energy  transfer  from  ^(A )  to  IF  in  detail.  Mea¬ 
surements  shown  here  demonstrated  a  rapid,  efficient  transfer  which  results  in 


fluorescence 


:ia  the  3° 


X1!"*-  transition  of 


ce  tween  500  and  600  na. 


(Additional  measurements  using  discharged  nitrogen  showed  that  other  excited 
forms  of  nitrogen,  perhaps  vibraticnally  excited  N2 ,  also  contribute  to  IF 
excitation.  It  is  conceivable  that  the  ^(A)  generation  schemes  will  also 
produce  such  excited  N2  species.)  luring  the  course  of  this  work,  another 
excitation  process  was  studied  which  appears  to  have  potential  in  a  laser 
device:  the  excitation  of  MO(A‘5"t‘)  by  ^(A).  In  addition  the  kinetics  of 

N2(A)  energy  pooling  was  studied  in  great  detail.  The  efficiency  of  the 
energy  pooling  reactions  govern  the  maximum  N2  excited-state  number  densities 
available  in  the  laser  medium.  Finally,  the  preliminary  measurements  on  the 
excitation  of  I?  by  active  nitrogen  were  extended. 

All  experimental  measurements  were  carried  out  on  discharge-flow  reac¬ 
tors,  one  of  which  ••  ,s  developed  specially  for  this  program.  Introducing 
selected  chemical  reagents  and  excited  species  into  the  mam  reactor  isolated 
individual  elementary  reactions  for  unambiguous  kinetic  measurements.  A  vari¬ 
ety  of  well-characterized  ultraviolet,  visible,  and  infrared  spectroscopic 
techniques  identified  the  species  present,  determined  their  number  densities, 
and  allowed  their  kinetic  behavior  to  be  quantified.  All  diagnostics  were 
calibrated  using  well-established,  but  not  always  well  understood,  methods. 

Section  2  details  the  kinetics  of  the  H  *  NFn,  H  +  Nrla1!),  and 
h’(20)  +  NT ( a 1 1 )  reactions.  extensive  measurements  on  metastable  nitrogen 
energy- transfer  kinetics  comprise  Section  3.  This  section  includes  studies  on 
the  N'2^A)  +  NO  reaction,  the  N'nlA)  energy-pooling  reactions,  and  the  active 
nitrogen  plus  IF  reaction  in  addition  to  the  development  and  implementation  of 
a  diagnostic  for  NjCX.v)  in  active  nitrogen.  Section  4  summarizes  findings. 
This  report  does  not  have  a  separate  experimental  section.  Rather,  the 
apparatus  and  techniques  germane  to  each  set  of  experimental  measurements  is 
described  along  with  the  measurements . 
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2.  Hi-  NF2  REACTION  SEQUENCE  STUDIES 


2.1  INTRODUCTION 


y  This  Task  was  concerned  with  excited  molecular  nitrogen  production  from 
the  H  +  nfJ1  reaction  sequence.  This  reaction  has  been  the  subject  of  several 
previous  studies  and  its  history  in  the  literature  is  intriguing.  The  first 
report  was  by  Ciyne  and  White  in  1970  (Ref.  S) .  They  observed  that  the  reac¬ 
tion  of  H  -r  nf2  produced  NF(a1A),  NFtb1!),  and  N2(33.!g).  and  proposed  that 
recombination  of  N(^S)  atoms  was  the  source  of  N2(3). 

In  1973  Herbelin  and  Cohen  (Ref.  9)  performed  a  similar  chemiluminescence 
study  and  suggested  the  following  mechanism 

H  +  NF2  -  NF(a )  +  HF  11) 


H  +  NF ( a )  +  N(^D)  +  HF 


N(2D)  +  NF(a )  ♦  N2(3)  +  ? 


Although  t-tey  could  not  prove  this  model  they  presented  indirect  evidence 
for  its  validity  and  argued  that  spin  and  angular  momentum  conservation  would 
be  major  constraints  in  reaction  product  channel  availability.  In  particular 
they  emphasized  that  the  reaction  of  H  NF(a)  would  produce  N\  D)  exclusively 
if  these  correlation  rules  rigorously  held.  In  spite  of  these  early  observa¬ 
tions  the  reaction  mechanism  for  this  potentially  important  30-urce  of  N2*  has 
remained  unclear. 


In  the  early  1930‘s  Ciyne  and  ccvorkers  embarked  on  a  series  of  detailed 
experiments  designed  to  clarify  this  interesting  reaction  sequence 
( Ref 3 .  1,2,3).  Using  sensitive  diagnostic  techniques,  they  observed  that 
N(2Q)  was  indeed  the  primary  product  of  reaction  (2)  and  concluded  that 
Herbelin  and  Cor.en's  proposed  mechanism  was  probably  correct.  In  addition 
they  made  preliminary  estimates  for  the  rate  coefficients  of  reactions  (2) 
a  no  ' 2  1  : 


It 2  “  2.5  x  10_,3  ca^-molecule- 1  s"1 
’*3  =  7  x  TO-11  cm^ -molecule'1  s*1 

The  purpose  of  this  Task  was  to  aeasare  rata  coefficients  for  reactions  2 
and  3  and  to  study  the  efficiency  of  Nq*  production  from  the  sequence.  3y 
determining  these  rate  coefficients  systematically  we  had  hoped  to  be  able  to 
provide  further  evidence  concerning  the  validity  of  Herbeii.n  and  Cohen's 
model. 

The  remainder  of  this  section  is  presented  in  several  subsections.  First 
the  initial  studies  of  the  chemiluminescence  produced  by  the  H  ▼  NT 2  reaction 
sequence  are  studied.  Next  the  rate  coefficient  determination  results  for 
reactions  2  and  3  are  presented.  Some  modeling  results  are  also  described. 
Finally,  we  attempt  to  relate  these  results  to  possible  development  of  t.nis 
scheme  as  a  chemical  source  of  N2*. 

2.2  H  NF2  CHEMILUMINESCENCE  STUDIES 

2.2.1  Flow  Tube  Description — The  new  fast  flow  reactor  v CONAN;  was  com¬ 
pleted  and  tested  specifically  for  these  experiments.  The  flew  tuce  is  con¬ 
structed  from  5  cm  id  Pyrex,  and  the  observation  region  is  a  5  cm  id  stainless 
3  teal  chamber  coated  with  Teflon  (Dupont  Poly  TFE  #652-201  /.  Frior  to  Tailor, 
coating  the  entire  observation  chamber  was  painted  with  a  flat  black  primer. 
The  black  primer/Tef Ion  combination  serves  two  functions.  The  primer  reduces 
scattered  light  which  facilitates  all  spectroscopic  observations.  The  Teflon 
al3o  reduces  wail  reactions  and  recombinations.  The  entire  CONAN  flow  tuce  is 
shown  in  Fig.  1,  and  a  detailed  section  of  the  observation  chamber  is 
presented  in  Fig.  2. 

is  indicated  in  Fig.  1,  the  flow  tube  is  modular  and  configuration 
changes  are  conveniently  made.  All  gas  flows  are  monitored  by  electronic  mass 
flowmeters.  The  flowmeters  were  calibrated  by  measuring  the  chan ge  in  pres¬ 
sure  versus  time  of  gas  flows  into  a  standard  volume  (6.5  I  or  12.3  fiasxs). 
The  pressure  change  was  measured  using  a  Validyne  pressure  transcuoec  that  had 
been  caliorated  against  a  mercury  or  oil  manometer. 


The  pressure  in  the  flow  tube  is  measured  using  a  Baratron  C  to  100  torr 
capacitance  manometer.  Typical  flow  tube  pressures  ranged  frcm  0.13  to 
2.5  torr.  Blow  velocities  could  be  varied  from  500  to  5300  cm/s.  The  flow 
velocity  was  determined  using  the 


where 


f  =  gas  flow  rate  in  number  of  nolecules/s 
Ntot  =  total  number  density  in  the  flow  tube 
A  =  flow  tube  area 
v  =  bulk  gas  velocity. 


The  term  f  is  measured  with  the  mass  flowmeter  and  Ntot  is  calculated  as  the 
sum  of  the  component  densities  found  from  the  capacitance  manometer  pressure 
reading . 

If  the  total  pressure  in  the  flow  tube  is  ?T(torr)  at  temperature  ?;:<), 
then  the  number  density  of  reactant  i  is  given  by: 

f  .  /  P_  M  \ 

1  /  T  O  \ 


where  fj_  »  flow  rate  of  reactant  i,  2fj_  total  flew  rate  of  all  reactants  in 
flow  tube,  N0  is  Avogadro's  number,  and  ?.  is  the  gas  constant. 

Four  of  the  eight  viewing  ports  in  the  observation  chamber  are  indicated 
in  Fig.  2.  In  the  present  configuration,  three  ports  are  used  for  optical 
detection.  Ultraviolet,  visible,  and  near  infrared  chemiluminescence  are 
monitored  using  a  0.3  a  McPherson  monochromator  and  a  Hammamatsu  GaAs  P-iT.  A 
second  port  is  used  to  monitor  NO  emission  used  in  calibrating  H  atom  number 
densities  (described  later),  and  a  third  port  is  used  to  observe  resonance 
fluorescence  for  N  atom  detection. 


1  torr  »  133.3  Pascals. 
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Visible  and  Near  Infrared  5tudies--To  study  the  chemical  produc¬ 


tion  cf  excited  states  from  the  reaction  of  H  +  NF2 ,  we  utilized  the  reaction 
of  hydrogen  with  the  products  of  a  microwave  discharge  of  NF3  dilute  in  Ar. 
Initial  runs  showed  that  the  emitting  species  produced  by  the  NT  3  discharge 
consisted  almost  exclusively  of  NF(b->-X)  and  NF(a-*-X)  emissions  at  528  and 
843  na,  respectively.  Weak  J^O+A)  first-positive  emission  was  also  observed, 
but  since  the  radiative  lifetime  for  N2(3)  is  orders  of  magnitude  shorter  than 
those  for  MF(a)  and  NF(b),  the  N2(3)  is  a  minor  product. 

Upon  the  addition  of  hydrogen  to  the  effluents  of  the  NT3  discharge,  the 
NTF(a  ar.d  b)  emissions  became  approximately  an  order  of  magnitude  more  intense. 
In  addition  N->(3-*A}  emission  became  more  intense.  The  NF  and  w2  emission 
intensities  also  varied  as  a  function  of  H2  flow.  A  spectrum  covering  the 


.jure  3. 
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Chemiluminescence  in  the  500  to  900  na  region  produced 
by  the  reaction  of  Hi  with  dischargee  NF-.  Total 
treasure  was  3.16  torr. 


•a'*! 


The  observation  of  enhanced  NF(a)  emission  when  H2  was  adaea  to  the  dis¬ 


charge  effluents  is  evidence  that  in  addition  to  NF(a,b)  both  MF2  and  ?  are 


products  of  the  NF^/Ar  aicrowave  discharge.  Rapid  reaction  of  F  with  added  H 
produces  atomic  hydrogen  which  can  react  via  the  abstraction  reaction: 


H  +  NF2  +  N'F(a)  +  HF 


These  observations  are  also  in  accord  with  those  reported  by  Herbelin  and 


coworkers  (Ref.  9)  .  The  dependence  of  the  NF(a-*-X)  emission  upon  the  H2  flow 
rate  is  shown  in  Fig.  4.  Note  that  as  H2  is  added,  the  [NF(a)]  increases, 
goes  through  a  peak,  then  appears  to  reach  an  asymptotic  limit  at  high  Ho 


flows.  The  fact  that  the  NF(a)  concentration  appears  to  be  essentially  inde¬ 


pendent  of  [Hj]  at  high  H2  flows  is  utilized  in  the  measurement  of  the  quench 
ing  rate  of  NF(a)  by  H  atom  as  described  later. 


•  M21A) 


•'  N?(A )  -4k 


In 


Ul  \\ 


i !  'll.  \\ 


12  ■-i-UW  («  Ui"l8/s) 


Figure  4.  dependence  of  NF(a*X),  NF(b-<-X),  and  N-.(A)  emissions  as  a 
function  of  Hi  flow. 
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2.2.3  Ultraviolet  Emission  3tudies--The  spectral  region  220  to  220  na 
.•as  scanned  to  study  any  production  of  C A )  from: 


H  +  NT->  -  NF  ( a )  +  NF 


NF  (a  )  +  H  -*■  N  (  ^ D )  +  HF 


NF( a  )  +  N(20)  -  N2(A)  +  F 


is  important  to  note  that  Clyne  et  al.  (Refs.  8,9,10)  proposed  that 


the  final  steo  was: 


N(  “  D )  +  NT  (  a  )  -*•  N2 ( 3 , a )  -r  F 


Oiract  A  state  production  was  presumably  discarded  because  of  orbital  angular 
momentum  correlations.  However,  spin  correlation  which  is  typically  more 
rigorously  obeyed  in  these  types  of  reactions  would  allow  N2  sivglet  and 
triplet  formation.  Since  orbital  angular  momentum  correlations  are  often 
vitiated  especially  for  nonlinear  collision  complexes,  it  seems  reasor.aoie  to 
expect  that  direct  N'2(A)  production  should  be  possible  from  reaction  4. 


Typical  scans  are  presented  in  Figs.  5  and  6.  Figure  5  shows  intense  h'H 
•mission  originating  from  two  band  systems  MH ( <c 1  n  -  a1!)  and  NH(A2T.  -  X22“). 
lyne  (Ref.  1,2,3;  observed  the  identical  systems  in  the  H  +  NT2  system  fur- 
her  supporting  the  contention  that  under  our  experimental  conditions,  the 
-  N?2  system  was  effectively  imitated  by  using  discharged  N’F2.  Upon  removal 
jf  H 2 ,  the  NH  spectrum  vanished.  The  most  likely  production  source  of  NT-:’  is 
:>•  the  reaction: 


N  ( 2  0 ;  t  H->  -  NHU)  +  H 


.lowed  by: 


VH.CO  *  N'2  (  a  )  -  NH(c,A)  +  N2(X)  (6) 

This  had  been  previously  argued  as  indirect  evidence  for  the  presence  of  N'2(A) 
in  the  flow  c:  croducts  resultinq  from  the  reaction  of  N  +  NF  - . 


mmst 


mm 


During  the  course  of  me  initial  experiments  on  the  C0SA2I  flow  tuce  me 
chemical  production  of  N-CA)  was  observed  by  detecting  the  Vegard  Kaplan  ( V-\ 
system  near  2SC  nm.  A  typical  spectrum  is  shown  in  Fig.  6.  The  strong 
bands  are  probably  due  to  slight  contamination  by  N’O  produced  in  the  NFg/Ar 
discharge.  The  distinct  red  degraded  ^(A+X)  system  is  clearly  evident  and 
vanishes  upon  extinction  of  the  H2  flow.  Thus,  it  is  not  a  discharge  product 
To  our  knowledge,  this  is  the  first  direct  observation  of  N'2(A)  chemical  pro¬ 
duction  and  graphically  demonstrates  that  at  least  some  branching  of  the  reac 
tion  energy  into  this  highly  metastable  state.  Some  measurements  were  made  o 
the  number  densities  of  h'olA)  produced,  and  these  results  and  the  source  of 
the  h'2(A<  is  discussed  later  in  Subsections  2. 4. 3. 5  and  2. 4. 3. 6. 

The  ^(a-X)  13H  system  near  150  nm  as  shown  in  Fig.  7  was  also  observed. 
This  emission  also  vanished  when  H2  was  removed.  The  production  of  ^(a)  pro 
vides  a  graphic  demonstration  of  the  extreme  exothermicity  of  the  H  t  N'Fg 
reaction  sequence  since  ^(a)  lies  8.5  eV  above  ^(X). 
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nearly  the  sane  time  suggesting  that  they  are  icinetically  related.  Since  tr.e 
radiative  lifetime  of  MF(a)  is  6s,  its  decay  is  not  due  to  radiative  loss. 
Rather,  observations  support  the  hypothesis  that  at  least  some  NF(a)  reacts 
eventually  to  fora  N2(A).  The  rapid  decay  of  N2(A)  is  also  nonradiative  and 
is  probably  due  to  a  combination  of  wall  loss  and  reactive  loss.  Some  N-)(A} 
may  be  consumed  in  pumping  NH(X)  to  the  A  and  c  states.  Time  constraints  have 
precluded  a  detailed  study  of  these  processes,  and  these  data  are  preliminary 
observations.  Systematic  studies  of  the  production  of  NF(a),  >I2  ( 3 )  and  NViA) 
are  presented  in  Subsection  2.4. 


2.3  KINETIC  RATE  COEFFICIENT  DETERMINATIONS 


2.3.1  Appara tus — Several  changes  were  incorporated  into  the  apparatus 
for  the  kinetic  studies.  The  output  of  the  photon  counter  was  connected  to  a 
COMPAQ  microcomputer  to  collect  chemiluminescence  spectra  on  floppy  disk.  The 
data  were  later  analyzed  on  FSI's  DEC  MICROVAX  computer  system  using  the  spec¬ 
tral  fitting  routine.  Resonance  fluorescence  and  absorption  lamps  were  incor¬ 
porated  into  the  flow  tube  to  measure  N(2D)  atom  concentrations.  Finally,  the 
0.3  m  monochromator  was  moved  to  a  different  viewing  port  which  permitted 
monitoring  of  N  ( 2  D ) ,  NF  ( a  ) ,  NF(  b) ,  N2IA),  N2O)  and  N2(a)  at  the  same  spatial 
position  in  the  flow  tube. 


2.3.2  Rate  Constant  for  K  NF(a) — The  rate  equation  for  N'Fia)  in  the 

flow  tube  is  given  by: 

—  -  -(k[H]  -  *  j  rNF(a);  (7) 

dt  '  wJ  - 

where  quenching  of  [NF(a)l  by  ground  state  NF  and  undissociated  NF3  was 
neglected.  Experimentally  we  keep  the  initial  NF3  concentration  low 
(<  10;2/cc).  In  addition  the  NF3  flow  rate  is  constant  for  each  run.  Even  if 
some  quenching  were  present,  it  should  be  a  constant  term  independent  of 
changes  in  H.  If  we  neglect  wall  collisions,  the  integrated  rate  equation 


becomes : 


[NF(a; i/[NF(a) J. 


-k[H] (z/v ) 
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where  2  re  the  distance  free  H  injection  to  tne  ocservati on  port,  and  v  is  • 
bulk  gas  velocity  in  the  flew  rube.  If  the  concentration  of  [H]  is  much 
greater  than  that  of  NF(a),  plots  of  in(NF(a)  chemiluminescence  intensity;  ■ 
a  function  of  [Hj(z/v)  yield  k,  the  desired  rate  coefficient.  A  diagram  of 
the  flow  tube  used  for  these  studies  is  shown  in  Figure  3. 


Although  the  form  of  Eq.  (3)  is  simple,  there  were  several  demanding 
experimental  requirements  that  had  to  be  net.  The  first  was  to  ascertain 
that  a  detectable  flow  of  NF(a)  could  be  established.  The  initial  studies 
demonstrated  that  this  could  be  obtained.  We  next  had  to  investigate  vhetht 
H 2  was  a  quencher  of  N'Fl a )  .  The  data  presented  in  Fig.  10  indicate  that  cor 
ditions  can  be  established  where  NF(a)  is  essentially  independent  of  flcv 
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Figure  10.  Relative  concentre  cion  of  NF(a)  as  a  function  of  Hp  Flow 
for  three  different  NF-^  flows:  al  [NF3 j  »  6  ,jnoles-3“'; 
b)  JNFg]  ■  2.7  jmole3-s“';  c)  [SF3]  *  1.25  umoles-s~'. 


The  activation  for  adding  a  large  excess  of  H2  with  respect  to  NF3  was  to 
react  away  any  free  ?  and  MF2  produced  in  the  discharge.  In  addition,  by 
injecting  a  large  excess  of  H2  in  the  formation  region  of  NF( a ) ,  subsequent 
addition  of  smaller  amounts  of  undissociatad  H2  further  downstream  would  hav 
minimal  effect  on  the  NF(a)  concentration.  All  removal  then  could  oe  attri'o 
utad  to  H  atoms. 

The  H  atom  quenching  experiments  are  thus  run  as  follows.  A  small  flow 
of  N’Fg  (typically  0.2  nmoles  s"1)  in  a  flow  of  Ar  (2  mmoles  s"1)  are  dis¬ 
charged  in  an  Svenson  cavity  using  ~6W  of  microwave  power.  Approximately 
0.2  mmoles  s"1  of  H2  was  added  20  cm  downstream  from  the  NF3/Ar  injection 
region.  A  mixture  of  H2/Ar  was  discharged  in  a  second  cavity  (50W)  and 
injected  15  cm  downstreaa  from  the  first  H2  injector.  For  clarity  this  H2 
fiow  is  referred  to  as  the  secondary  h2.  The  Ar  flow  carrying  t.he  secondary 
Hi  was  <eot  constant  ;  typically  O.-i  mmole  s-1j.  To  assure  that  NF(a;  decuv 


due  :o 


runs  were 
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H  a  tons  ooula  indeed  ce  coserved,  some  preliminary 
Figure  11  shows  two  scans  of  HF(a-*x)  emission  under  identical  conditions 
except  that  in  Fig.  11b  the  secondary  H2  discharge  is  on.  T.ne  diminution  of 
NF(a)  due  to  K  atoms  is  clear.  The  lM?(a)j  was  monitored  as  a- function  of 
added  discharged  Hi.  These  experiments  were  performed  by  holding  all  flows 
constant  except  for  the  secondary  H2.  Mo  detectable  cnange  in  [NF(a;j  was 
observed  for  any  secondary  H2  flow  without  the  discharge,  large  changes  (--  an 
order  of  magnitude )  could  be  observed  when  the  secondary  K2  discharge  was 
initiated.  Although  we  had  not  yet  calibrated  the  detection  system  to  measure 
absolute  H  atom  concentrations,  it  was  felt  that  it  was  prudent  to  monitor 
relative  [MF(a)]  as  a  function  of  secondary  K2.  At  relatively  low  secondary 
H2  flows  (<  4  .moles  s-1),  J.n  (MF(a)  chemiluminescence  intensity)  varied  line¬ 
arly  with  the  secondary  Hi  flow.  At  these  low  flows  one  would  expect  that  the 
dissociation  fraction  of  H2  is  essentially  constant.  Thus,  the  K  atom  concen¬ 
tration  would  be  a  constant  fraction  of  the  secondary  H2.  At  higher  flows  of 
secondary  dary  K2  the  plots  displayed  a  curved  behavior  indicative  of  a  dimin¬ 
ishing  dissociation  efficiency.  Only  a  few  such  runs  were  made  to  become  con¬ 
vinced  that  MF(a)  decays  could  be  detected  in  the  presence  of  H  atoms.  T.ne 
next  step  was  to  calibrate  the  detection  system,  outlined  as  follows. 
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iFla-X)  emission  showino  removal  bv  hydrooen  a 
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titration  of  NO  was  used  with  H  to  measure  H 
The  recombination  reaction  of  H  »  'JO  produces  HNO  enission.  The 
proportional  to  ’H][NO]  and  is  pressure  independent  (Refs.  10,11) 
portionality  constant  is  determined  by  the  following  titration. 


or. 
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The 


2.3.2. 1  H  atom  calibration  procedure — Having  established  that  ve 
could  indeed  detect  removal  of  NF(a)  by  H  atoms,  the  next  step  was  to  develop 
a  calibration  standard  for  H  atom  number  density.  These  calibration  experi¬ 
ments  are  described  as  follows. 


The  titration  of  H  +  UCC1  first  described  by  Clyne  and  Stednan 
was  chosen.  The  reaction  sequence  is 

H  +  NGC1  -  HC1  f  MO 

H  t  MO  t  M  ♦  HNC*  ♦  M 


(Ref.  10) 

(9) 

(10) 


followed  by  radiative  emission  from  HNO* .  When  [H]  >  [NOC1] ,  unreacted  H  com¬ 
bines  with  NO  to  produce  the  HNC*  -»  HNO  *  hv  red  afterglow  (Ref.  11).  ■••’hen 

[N0C1J  >  [H ]  the  glow  is  extinguished.  To  use  this  titration  one  adds  a 
metered  flow  of  NGC1  to  an  unknown  flow  of  H  while  monitoring  the  HNC*  emis¬ 
sion.  This  chemiluminescence  has  four  characteris tic  features  at  627.2, 

692.5,  762.5,  and  796.5  nm  (Ref.  11).  We  used  a  9  am  bandpass  filter  centered 
at  650. 5  nm  to  monitor  the  692.2  nm  peak  with  a  Hamamatsu  R955  ?MT. 


Earlier  work  by  Clyne  and  Thrush  (Ref.  11)  had  shown  that  the  HNO’  emis¬ 
sion  intensity  resulting  from  the  three  body  recombination  H  *  NO  +  M  - 
HNO*  -  M  is  described  by 


IHNO 


K  [  H  ]  [  NO  ] 


and  is  independent  of  total  pressure  over  the  range  of  1  to  2.5  torr.  We  note 
that  T;-pio  j-s  proportional  to  [H ]  for  a  given  [NOj .  To  utilize  this  titration 
as  a  calibration  standard,  the  proportionality  constant  K  must  be  determined. 
Since  1/ [ NO ]  is  proportional  to  [H]  it  is  also  true  that  1/ [ NOC1 ] adde d  13 
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proportional  to  [H].  Note  tr.at  [H]  =*  [ H ] g  -  [NOCi]  where  [H’g  is  the  atomic 
hydro-gen  concentra  tion  in  the  absence  of  NOC1. 


Therefore 


I  =*  :< (  [ H  ]  o  -  [JJOCl]  '  [NOCl] 


A  plot  of  1/  [ NCC1  ]  versus  [NOCI]  will  be  linear  with  a  slope  of  Y  and  an 
abscissa  intercept  of  [H]g.  with  K  determined  by  this  method,  the  H  atom 
concentra tion  can  readily  be  measured  by  adding  a  known  concentra tion  of  NO  to 
the  unknown  H  flow. 


Although  straightforward  in  principle  the  NCCi  calibration  proved  to  be 
tedious  with  several  subtle  problems.  The  initial  calibration  produced  non¬ 
linear  behavior  and  irreproducible  results  when  plots  of  I/[NCC1]  versus 
[NOClj  were  constructed.  The  probable  cause  of  this  problem  was  traced  to  a 
wall  reaction.  A  detailed  study  of  Clyne  and  Stedman's10  paper  revealed 
that  they  had  observed  a  similar  behavior  on  bare  pyrex  wails.  The  postulated 
reaction  sequence  including  wail  effects  is 


H  -r  N0C1 


HCi  +  NO 


H  -r  NO  +  M  -  HNO*  -  M 


H  +  HCI  H2  +  Cl 


:1  *  C1  WallCl2 


H  +  Cl; 


HCI  Cl 


The  catalytic  recoabina tion  of  Cl  on  the  wall  forms  Cl2  which  then  con¬ 
sume  H  via  the  rapid  Ci2  -  H  reaction.  3y  treating  their  flow  tube  walls  with 
phosphoric  acid  which  inhibits  vail  recombination  of  Cl,  Clyr.e  and  Stedman's 


A  section  or  the  flow  ruce  was  uncoated  Pyrex.  This  design  permitted 
visual  examination  of  chemiluminescence  in  the  flow  tube.  Subsequently  this 
reaction  ceil  was  coated  with  Teflon  in  an  effort  to  solve  this  problem.  The 
calibration  plots  of  I/[.\'CC1]  versus  [NCC1]  did  become  much  more  reproducicle 
and  the  linearity  improved.  Although  the  XCC1  titration  technique  proved  to 
be  more  difficult  to  use  than  anticipated,  the  titrations  performed  in  tr.e 
Teflon  coated  flow  rube  gave  satisfactory  results. 

A  typical  plot  of  I/[N'CC1]  as  a  function  of  added  [N'GCij  using  the  fully 
coated  reactor  is  shown  in  Fig.  12.  An  average  of  five  calibration  runs  at 
various  conditions  yielded  a  propor tiona li ty  constant  X  *  0.46  x  !C“'  A/(mtor 
with  a  standard  deviation  of  15  percent.  With  a  known  X  one  can  add  a  known 
concentra  tior.  of  XO  to  the  flow  and  determine  [H]  from  [ N'C ]  =  ■>:]. 


1 '’^C 1 . added  versus  [NOC1  ] 3^ded •  The  sT°Pe  tne  plot 
is  used  to  determine  the  proportionality  constant 


through 
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Figure  14.  Ium  as  a  function  of  for  constant  [NO]  and 

constant  microwave  discharge  power. 

In  practice  the  .microwave  power  was  held  fixed  and  [Hj  variations  were 
obtained  by  changing  the  Ht  flow  rate.  A  typical  plot  of  versus  Ho 

flow  rate  at  constant  [NO]  as  shown  in  Fig.  14.  Note  that  as  [H2J  is 
increased,  the  dissociation  efficiency  is  reduced.  This  observation  coupled 
with  the  dependence  of  H  atom  production  on  the  temperature  of  the  microwave 
cavity  clearly  indicate  that  [H]  must  be  measured  for  each  H2  flow.  One 
cannot  rely  upon  comparable  conditions  to  give  the  same  [H], 

Next  the  response  of  IHN0  at  constant  [H]  was  checked  while  changing  th 
NO  flow.  Figure  15  clearly  shows  that  is  indeed  proportional  to  added 

NO.  With  these  checks  and  the  previously  described  calibration  completed  we 
were  in  a  position  to  measure  the  desired  K  +  NF(a)  *  Products  rate  constant 
It  was  noted  al30  that  typical  [H]  was  >101-1  atoms  cm" 3  Wftiie  [NF3;  (whicn 
represents  the  maximum  possible  [h'F(a)])  was  ~  1 0 1  ^  molecules  cm”^.  Hater 
experiments  shewed  that  the  laaximua  [NF(aJ]  was  no  greater  than 
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Figure  15.  In  mo  versus  [NC] for  constant  [H]. 

Typical  scans  of  the  h'F(a->-X)  emission  with  and  without  H  atoms  was  pre¬ 
viously  presented  in  Fig.  11.  In  practice  the  peak  NTF(a-*-X)  signal  was  moni¬ 
tored  at  374.2  nm  but  periodically  scanned  the  entire  band  to  check,  for  any 
possible  spectral  interferences  from  and  HF(v).  At  the  high  n2  flows 

used  in  these  studies  no  interferences  were  detected. 

A  sample  plot  of  ln{NF(a)j  as  a  function  of  [Hj  is  shown  in  Fig.  15. 
These  data  yielded  a  rate  coefficient  of  2.9  x  19“ 13  cm3  molecule-1  s-1.  Ihe 
rate  coefficient  was  measured  under  several  different  sets  of  conditions. 
Table  1  summarizes  the  results. 

The  average  of  all  runs  is 

k  =  (3.1  t  0.6)  x  10" 13  cm3  molecule"1  s"1 

The  error  represents  the  best  estimate  of  the  systematic  uncertainties  in  the 
measurements.  These  arise  from  the  H  atom  calibration  which  is  the  dominant 
sourte  of  error.  This  value  is  in  excellent  agreement  with  the  value  of 
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[H]  (mtorr) 


Plot  o £  tn[NF(a)j  as  a  function  of  added  [Hj.  Total  pressure 
for  this  run  using  Ar  carrier  gas  was  1.79  torr 

Ccrcpilaticn  of  Conditions  for  Measureaent  of  H  +  MF(a)  +  Products 
Rata  Coefficient. 


2.5  x  1  C“  ’  ■* 


2,3)  . 
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caJ  molecule-1  s- 1  estimated  by  Clyne  et  al.  (Ref. 
apparent  that  the  first  step  in  the  proposed  excitation  scheme  of  N2*  is 
relatively  slow. 


Throughout  these  studies  it  was  observed  that  [NF(a)j  was  essentially 
independent  of  [Hi]  added.  No  decrease  in  [NF(a)]  could  be  seen  even  though 
sensitivity  was  mere  than  adequate  to  see  a'  10  percent  degradation.  From 
these  observations,  an  upper  limit  for  H2  quenching  of  N'F(a)  was  estimated  to 
be  1  x  10-14  cm4  molecule-1  s- 1 .  This  can  be  compared  to  an  earlier  measure¬ 
ment  of  D2  quenching  of  NF(a)  by  Kwok  et  al.  (Ref.  13)  who  reported  a  value  of 
k  <  7  x  1G-14  cm4  molecule-1  s- 1 . 


2.4  PRODUCTION  P.AIE  FOR  M2(3)  EXCITATION 

2.4.1  5a ckg round- -Determination  of  the  production  rate  of  excited  N'2 
from  the  H  +  NF2  reaction  scheme  is  of  critical  importance  to  the  possible 
utilization  and  development  of  this  system  into  a  chemical  laser  punp  source. 
Since  h'2 ( 3 )  is  relatively  easy  to  monitor  and  is  the  likely  source  of  N2(A) 
produced  in  this  scheme  via  N2O+A)  emission,  we  chose  to  test  the  mechanism 
previously  postulated  in  the  Refs.  3,9,10.  The  salient  model  is  described  by 
two  steps 

NF ( a )  +  H  -  N(2D)  +  NF 


NF(a)  +  N(2D)  ■*  N2(3)  + 


The  initial  approach  was  to  add  N(2d)  atoms  produced  by  a  microwave  discharge 
to  a  flow  of  microwave  discharged  NF3  dilute  in  Ar  (which  produces  NF(a'). 

The  difficulty  of  strong  N2(3+A)  emission  from  three  body  recombina tion  of 
N(43)  atoms  (produced  from  our  discharge  source  of  N(2D)  atoms)  was  encoun¬ 
tered.  This  would  have  been  the  preferred  approach  since  interferences  caused 
by  H  atom  chemistry  would  have  been  eliminated.  The  strong  recombination  No 
first  positive  emission,  however,  made  data  from  this  approach  difficult  to 
intsrore  t . 


Ai though 


An  alternate  approach  involved  the  entire  H  +  N?2  reaction  sequence, 
aore  complex  than  the  first  method  attempted,  it  does  offer  the  advantage  of 
permitting  a  detailed  study  of  the  actual  chemical  production  of  N'2*  in  an  envi¬ 
ronment  similar  (but  not  identical)  to  what  one  would  expect  in  a  laser  device. 
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I  ,  =  I  ^ - . T , V  (16) 
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where  ,1/4-t  is  the  effective  solid  angle  subtended  by  the  detection  system, 
is  the  quantum  efficiency  of  the  photomultiplier  at  the  wavelength  of  inter¬ 
est,  T-  is  the  transmission  of  the  optical  system  (e.g.,  mirror  reflectivities 
and  grating  efficiency)  and  V  is  the  observed  volume  of  luminous  gas  in  the 
reactor.  The  wavelength  dependence  of  the  product  .!/4n  n»T-V  is  given  by  the 
relative  monochromator  response  function  R^ .  Absolute  values  of  that  product 
are  obtained  in  a  calibration  experiment  using  the  O/NO  air  afterglow  at  or.e 
or  several  specific  wavelengths.  Absolute  values  at  wavelengths  other  than 
those  chosen  for  calibration  experiments  are  obtained  by  scaling  with  A . . 


As  stated  earlier,  the  relative  spectral  response  of  the  aonochr oma tor 
was  calibrated  between  200  and  900  nm  using  standard  quartz-halogen  and  Z2 
continuum  lamps.'*  Additional  confirmation  of  the  calibration  between  500  and 
800  nm  is  obtained  by  scanning  the  air  afterglow  spectrum  and  comparing 
observed  relative  signal  levels  with  the  relative  intensities  given  by  Fontijn 
et  al.  (Ref.  14).  The  absolute  spectral  response  of  the  detection  system  is 
measured  at  530  nm  using  the  C/NO  air  afterglow  as  described  in  the  following 
paragraph. 


When  atomic  oxygen  and 
extending  from  2",5  nn  to  be 
intensity  of  this  emission 
number  densities  of  atomic 
sure  of  bath  gas,  at  least 
volume-emission  rat a  of  the 


nitric  oxide  are  mixed, 
ycr.d  3000  nm  is  observed 
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(17) 


wnere  is  the  air  afterglow  rate  coefficient  in  units  of  ca^  molecule-1  s-1 

nm"1  and  l\  is  tr.e  monochromator  bandwidth.  Literature  values  for  this  rate 
coefficient  spar,  a  range  of  more  than  a  factor  of  two  (Refs.  14-20)  but  recent 
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studies  (Ref.  19)  indicate  that  the  original  work  of  Fontijn  et  al.  (Ref.  14) 
is  probably  correct  at  wavelengths  shorter  than  »  300  rua.  We  use  a  value  of 
1.25  x  10* 19  cn^  molecule-1  s-1  na" 1  at  X  *  530  nn.  Combining  Eqs.  (16)  and 
(17)  gives  the  observed  air  afterglow  intensity: 

I?/N0  *  k  c  o  ]  L  N'O ;  1  x  -7-  n  T,V  (13) 

X  X  4  TT  \  A 

Air  afterglow  calibration  experiments  give  a  calibration  factor, 


\  1 *v J  v N 0 j  a  4r  \  ,\ 

the  determination  of  which  will  be  described  in  the  next  paragraph. 


Absolute  number  densities  of  emitters  are  obtained  by  dividing  absolute 
volume  amission  rates  by  known  transition  probabilities.  The  air  afterglow 
calibration  factor,  <^,  and  the  moderately  well  established  value  of  the  air 
afterglow  rate  constant,  k:^,  are  used  to  convert  observed  emission  intensitie 
to  volume  emission  rates: 

I  .  k,  IX  R 
obs  \  c  X 

c  c  ... 

*  *  - - - ■  1  U  U ) 

true  <  Aj 

O  003 

where  \c  represents  the  wavelength  of  the  calibration  experiments  and  \obs  is 
the  wavelength  of  the  transition  of  interest.  The  Ioos  oust  be  the  total 
integrated  band  intensity.  In  this  work  the  measured  emission  intensities 
were  measured  in  terms  of  peak  intensities.  A  calibration  factor  consisting 
of  the  ratio  of  the  integrated  band  intensity  to  the  product  of  the  spectroae 
ter  oandwidtn  and  the  peak  intensity  was  determined  for  cases  in  which  total 
intensities  were  needed.  In  calibration  experiments,  the  band  areas  were 
integrated  numerically  using  spectral  scans  which  were  greatly  expanded  along 
the  wavelength  axis. 
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A  3er:es  of  calibration  experiments  taken  over  a  period  of  tine  estab¬ 
lished  the  calibration  factor,  <530,  to  ±15  percent.  An  additional  ur.cer- 
tainty  of  =25  percent  exists  in  the  absolute  value  of  the  air  afterglow  r3te 
coefficient  ’<533.  Further  uncertainties  in  the  determination  of  the  absolute 
photon-emission  rate  for  N2(3)  come  in  through  the  relative  monochromator 
response  function.  There  were  also  some  errors  introduced  in  determining 
absolute  h'F(a-x)  emission  rates  because  the  a-*X  emission  band  intensities  were 


needed. 


in  calibration  experiments,  the  band  areas  were  int= 


;rateo  numeri¬ 


cally  using  spectral  scans  which  were  greatly  expanded  along  the  wavelength 
axis . 


2. 4. 2. 2  Air  afterglow  calibration  procedure — In  air  afterglow 
calibration  experiments ,  the  intensity  at  the  calibration  wavelength  is  mea¬ 
sured  when  known  quantities  of  both  atomic  oxygen  and  nitric  oxide  are  added 
to  the  reactor.  Known  quantities  of  atomic  oxygen  are  prepared  by  titration 
of  nitrogen  atoms  with  excess  nitric  oxide: 


X  +  NO  -  .V2  +  0 


(21  ) 


( k; 
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a3  molecule-1  s-1  )  iP.efs.  23-25) 


In  the  absence  of  added  nitric  oxide,  N  atom  recombination  produces  chemilumi¬ 
nescence  from  cna  nitrogen  first-positive  bands,  the  intensity  cf  vnich  is 
proportional  tc  the  square  of  the  N  atom  number  density.  The  kinetic  pro¬ 
cesses  are  described  as  follows. 


M  +  M  M  ♦  N2(33ng) 

N2U3ng)  ♦  N2(A3"u+)  +  hv  (first-positive  bands) 


(22) 


(23) 


Upon  addition  of  NO  the  first-positive  emission  intensity  decreases  until  the 
quantity  of  NO  added  balances  the  amount  of  N  atoms  initially  in  the  flow.  At 
this  point,  the  end  point  of  the  NO  titration,  all  N  initially  in  the  reactor 
has  been  quantitatively  converted  to  0,  and  no  emission  is  observed  in  the 


Two  major  complications  can  lead  to  problems  in  using  the  technique  in 
Eq.  (24)  to  calibrate  the  apparatus  for  absolute  photon-emission  rates  or  for 
[0]  measurements.  If  the  initial  N-atcm  number  density  is  greater  than  about 
1 01 4  atoms  cm-2,  some  C2  spectral  features  from  0-afcm  recombination  will 
begin  to  be  observable  above  the  air  afterglow  continuum,  and  can  lead  to 
incorrect  air-afterglow  intensity  determinations  (Refs.  26,27).  A  more  seri¬ 
ous  proclem,  however,  lies. in  the  slow  removal  of  0-atoms  in  a  three-body 
recombination  with  NO.  The  important  reactions  are: 


0  +  NO  +  M  N02  ^  M 


()<2S  =  7  x  IQ-32  cm6  molecule-2  s-1  for  M  =  Ar)  (Ref.  23) 


(25) 


and 


0  +  NO  2  +  NO  +  C2 

('<26  *  9*5  x  10~12  cm2  molecule-5  s~5)  (Ref.  28) 


(26) 


Reaction  (26)  is  fast,  and  essentially  acts  to  maintain  a  constant  NO  number 
density  and  to  double  the  effective  rate  at  which  0  is  removed  in  reaction 
(25).  This  effect  becomes  a  problem  at  higher  pressures  (>  1.5  torr),  longer 
mixing  times  (>  30  ms)  and  large  NO  concentrations  (>  1014  molecules  cm-J;. 


It  is  just  these  adverse  conditions  which  give  the  best  signal-to-ncise 
in  the  calibration  experiments.  The  calibrations  for  the  experiments 
described  in  this  report  were  corrected  when  necessary  for  the  effects  of 
removal  of  0  in  reactions  (25)  and  (26). 

2.4.3  N ( 2 0 )  resonance  lamp  calibration 

2.4.3. 1  Background- -As  mentioned  earlier  resonance  fluorescence 
was  used  to  detect  N (0 )  atoms.  The  lamp  is  of  a  special  design  and  is  shown 
in  Rig.  13.  Two  crucial  features  are:  (a)  the  gas  inlet  to  tne  lamp  13  near 
the  lamp  output  and  the  gas  f.ow  is  out  the  back;  and  (b)  the  microwave  cavit.- 
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Figure  16.  Details  of  the  resonance  f luorescence/abscrp tion  laaps 
used  for  M(^O)  concentration  oeasurenent. 

is  situated  so  that  the  discharge  plasaa  extends  to  the  latap  output  window, 
This  ainiaizss  the  degree  of  Leap  self-reversal. 


For  the  present  studies  the  laap  was  run  at  1.5  atorr  of  He  with  a  trac 
cf  N*2  introduced  through  a  Granville  Phillips  calibrated  leak  valve.  This 
procedure  ensures  reprocuciole  laap  operation.  The  aicrowave  power  to  the 
laap  was  kept  at  the  aoderate  value  of  20  W.  These  operating  points  were 
chosen  to  utilize  the  results  of  previous  studies  (Ref.  29)  that  reported  g 
temperatures  of  -600  :<  in  the  laap  under  these  conditions.  As  is  well  known 
in  resonance  fluorescence  or  absorption  aeasureaents ,  the  teaperatures  of  th 
laap  and  the  absorbing  aediun  both  influence  the  observed  signal  strength. 

The  calibration  procedure  for  the  N(^d)  resonance  fluorescence  laap  in¬ 
volved  relating  the  1«’(2C)  fluorescence  intensity  Ip  to  N(2G)  concentrations 
aeasured  by  resonance  absorption.  Two  identical  laops  were  used.  The  absor 
tio.n  la.ao  was  attached  to  tr.e  flow  tube  ocposite  t.oe  V"JV  acnocr.roaa tor  while 
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the  rliorescance  lamp  was  normal  to  ooth  the  oonochroaatar  and  the  absorption 
lamp .  The  calibration  is  complicated  by  the  energy  level  structure  of  N  atoms 
as  shown  in  Fig.  19.  Since  the  2s22p2(2P°)  and  2s22p2(2T°j  levels  are  both 
radiatively  connected  to  the  2s22p^3s(2P)  level,  fluorescence  at  149.3  nm  can 
contain  contributions  from  both  2?°  and  20a.  The  degree  of  contamina tier. ,  of 
course,  depends  upon  the  ratio  of  the  resonance  lamp  intensity  at  174.3  run  to 
that  at  149.3  nn.  In  these  experiments  a  dielectric  coated  filter  •MgF  sub¬ 
strate?  was  used  at  the  lamp  output.  The  filter  rejected  174.3  no  while  pass¬ 
ing  149.3  nn.  With  the  filter  in  place  the  lamp  output  was  measured  at  both 
wavelengths  and  it  was  found  that  the  ratio  of  the  intensity  at  174.3  no  to 


that  at  149.3  no  was  approximately  1  percent. 


ENERGY/eY 


Figure  19.  Energy  level  structure  of  M.  Relevant  transitio' 
are  indicated. 


As  an  add 


or.  a  1 


cr.eck  selective  quenching  studies  were  performed 


9  -)  1 

Nl“0)  and  N(-?).  these  experiments  were  done  by  adding  COg  to  a  flow  or  Nt“0 
and  N(-P).  The  M ( “ 0 )  and  N  (  ^ ? )  atoas  were  produced  in  a  aicrowave  discharge 

of  No  dilute  in  Ar.  The  relative  concentre tion  of  N(-D)  was  aeasured  using 

**>  •  1 

resonance  fluorescence  and  N(~?)  was  acnitored  using  {*?  -  "*£)  eaissior.  at 
347  na.  Since  the  quenching  rata  of  N2T  oy  CO2  is  greater  than  that  for  N'2?, 
the  N^O  is  selectively  quenched.  If  part  of  the  observed  149  na  fluorescence 
originates  from  the  resonance  ianp  exciting  N(2?)  atoms,  then  plots  of  in 
'IpM49  na);  versus  [CO2]  and  in^I(  347  naK  versus  [CC2]  should  become  paral¬ 
lel  when  the  N20  is  totally  quenched.  However,  it  was  observed  that  the 
149  na  fluorescence  signal  was  still  decaying  faster  than  t.ne  347  na  signal 

even  at  the  highest  flow  rates  of  CO2 •  It  was  concluded  from  the  study  that 

“)  o 

the  upper  limit  of  N(**P)  contribution  to  the  N(^0)  fluorescence  signal  was 
less  than  3  percent. 


Following  these  systematic  checks,  the  resonance  laap  calibrations  ware 
performed.  These  measurements  were  accomplished  by  constructing  a  curve  of 
growth  for  N{2D).  A  flow  of  No  dilute  in  Ar  was  discharged  in  a  microwave 
cavity  to  produce  an  unknown  concentration  of  N'(2D).  Resonance  absorption  on 
the  149.3  na  line  was  used  to  measure  the  concentration  of  N(2D).  Since  reso 
nance  fluorescence  and  absorption  display  some  subtleties  in  atomic  N  these 
phenomena  will  oe  described  as  follows. 


2. 4. 3. 2  Review  of  resonance  fluorescence  and  absorp  ticr.--lhe  gen' 
era!  techniques  of  resonance  absorption  and  fluorescence  have  been  described 
in  detail  in  Ref.  30.  Only  the  salient  features  are  outlined  as  follows. 


For  an  isolated  line  3eer's  law  is  usually  written 
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intensity  at  frequency  y 


*  incident 

‘Trans  =  transmitted  intensity  after  transversing  the  absorbing  medium 
a  distance  i 

N  =  numcer  density  of  absorbers 
c(v)  ■  absorption  cross-section  at  frequency  y 
k(y)  =  absorption  coefficient  at  frequency  y 

For  small  absorptions  (Nj(y)i  <  0.1) 


I  (y)  -  I.(y) ( 1  -  Nc(y)i)  [25) 

Trans  0 


or 


where 


2n ( I  /I  ) 

0  Trans 


A  = 


*0  ‘Trans 


Nc(y)2  =  ( v )  l 


(29) 


(30) 


Thus,  for  aosorption  at  a  single  frequency  the  measured  fractional 
absorption  can  be  used  to  determine  .  In  practice,  however,  one  cannot  mea¬ 
sure  the  fractional  absorption  at  an  isolated  frequency.  Rather,  the  frac¬ 
tional  aosorption  covering  a  frequency  range  that  typically  encompasses  the 
entire  absorption  line  is  measured.  This  integrated  fractional  absorption  is 
the  quantity  that  is  relevant  to  the  present  discussion. 


In  this  case  the  fractional  absorption  A  is  related  to  the  absorption 


coefficient  ’<v  through 
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the  line  is  predominantly 

be  approximated  by 

Ooccler 

whera  <3  =  the  absorption  coefficient  at  line  center,  and 
2('J  -  ;0 >  — 

j  =  - - -  »  ini  (33) 

'V0 

In  £q.  (33) 
frequency  vq. 

It  can  also  be  shown  that  in  general  the  absorption  coefficient  inte¬ 
grated  over  ail  frequencies  is  given  by 
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(34) 
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—CO 

where 

f  is  the  oscillator 

strength 

of 

the  transition, 

m  is 

the 

electron  nass 

e  is 

the  electron  charge, 

and  c  is 

the 

speed  c-f  light. 

If 

the 

approxi cation 

2 

’< .j  =  in  £q.  (34)  is  used,  we  find  that 
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(n  nany  situationsa  including  the  present  one,  the  source  of  resonance 


radiation  (loop)  and  the  absorbers  (hcD  in  flow  tube)  are  at  different 
temper a  cure s .  This  is  usually  treated  using  the  empirical  expression 


-AA)‘ 


(36) 


where 


he  intensity  of  the  laap  as  a  function  of  frequency. 
IiiSoion  line  breadth 


Absorption  line  breadth 
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Thus,  we 

arrive  at  an 

exp 

the  lano 

and  absorber 

ar 

ron  for  the  integrated  absorption  for  the  case  c; 


1  -  e 
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A  = 


frans 


(37) 


r  -  ( u/ct ) 

f  e  dj 


The  actual  emission  line  shape  nay  differ  froa  the  Gaussian  fern  of 


Fq.  (37)  due  to  self-absorption  (which  preferentially  affects  the  center  of 
the  line)  or  nonoanergetic  excitation  processes  (e.g.,  energy  transfer  from 
aetastable  Ar) .  Mathematical  treataents  of  these  effects  have  been  given  by 
Kaufman  and  coworkers  (Refs.  31,32)  and  by  Clyne  and  coworkers  (Refs.  33-35]. 
The  self -abserp  tier,  model  of  Rawlins  and  Kaufman^1  gives  an  excellent  natch  to 
0(1)  acsorption  data  over  a  wide  range  of  laap  optical  thickness.  However, 
the  inclusion  in  some  applications  of  self-absorption  (Ref.  36)  can  be  vitally 
iaportant.  It  will  not  be  considered  here  since  it  is  not  a  factor  in  the 
experiments.  Monoenerge tic  effects  are  often  coliisionaily  moderated  in 
steady-state  line  sources.  In  any  case,  since  only  the  integral  over  the  line 
is  observed,  Fq.  (37)  is  often  an  adequate  description. 


Equation  (3")  can  be  integrated  in  a  straightforward  manner  by  me  method 
of  Gaussian  quadrature.  However,  for  the  purpose  of  the  present  discussion, 
the  following  analytic  excression  for  A  is  useful: 


A  -  £  (-1) 

n=  1 


n-1  0 


1/2 


1/2 


(36) 


n  I  (  1  +  ns  ) 

r.he  expressions  hold  only  in  the  case  of  a  single  line.  However,  the  149 


and  174  ma 

& 

fully.  For 

,  A 

resolution) 

il  the  relative  intensities  of  tne  components  of  tn 
trosocpic  properties  of  the  N(~D)  and  N'(“?)  resonan 
in  Table  2. 

’.re  of  the  oscillator  strengths  for  the  three  unras 
1  \c  combined  with  Eq.  (35)  gives 
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Resonance  Lines  for  Metastable  Nitrogen  Atoms 
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Finally,  since  l 


0  CT 


N  =  9.14  x  10 1 1  <>01>  (4' 

A  determination  cf  <kci>,  thus,  allows  us  to  calculate  M  via  Eq.  (3 6). 
Gauss ian-quadra  fare  numerical  method  was  used  to  calculate  '<3 1  from  the 
observed  fractional  absorption  using  Eq.  (37).  A  typical  calibration  plot 
Iy  versus  ln(1/1-A)  for  N(~0)  is  shown  in  Fig.  20.  Using  this  calibration 
curve  allowed  us  to  determine  [N(^D)j  from  a  measurement  of  the  fluorescent 
intensity  Iy. 
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Figure  20.  Plot  of  N(^p)  resonance  fluorescence  signal  It 
versus  in(1/1-A). 


2. 4. 3. 3  Measurement  Technique  for  N?{3)  Excitation  r.ate--The 
actual  data  collection  for  measurement  of  the  excitation  rate  coefficient, 
consisted  of  scans  of  tine  chemiluminescence  due  to  NT2(3~.A)  and  NF(a-X)  .  In 


tion  tr.e 


I M  (  —  u  )  J  was  cetermined  eacr.  time  ITO+.A)  and  NT  t  a  -X) 


were  mea¬ 


sured.  Oetection  of  all  three  species  were  done  at  one  spatial  position  a. 


NORMALIZED  INTENSITY 


noted  earlier. 


d  C  d 


A  run  consisted  of  the  measurements  just  descrioed  each 
constant  H 2  flew.  This  was  repeated  for  several  H2  flows  with  all  other  con¬ 
ditions  held  constant.  Most  runs  were  done  using  a  fixed  H2  injector,  out  on 
set  utilized  a  sliding  H2  injector.  The  bath  gas  pressure  (0.7-»-3.2  Torr), 
bath  gas  species  (Ar  and  He),  and  flow  velocity  (1.1  x  10-^  cm/s  to 
5.5  x  10-3  cm/s )  were  varied  in  completing  a  series  of  runs.  The  spectral 
scans  were  recorded  on  a  COMPAQ  microcomputer  and  stored  on  floppy  dish  for 
later  analysis  using  the  spectral  fitting  code.  A  sample  scan  and  correspond 
ing  fit  are  shown  in  Fig.  21.  HFt(3  0) 


NF(a  *X) ,  AND 


Figure  2 1 . 


Chemiluminescence  spectrum  (thin  line)  showing  NT(b->-X), 
N;.(3->A),  :.T(a->A),  and  H  F '  (3*0)  systems.  The  thich  line 
trace  is  a  computer  fit  to  the  data  derived  from  the 
spectral  fitting  code. 


Figure  21  points  out  the  prominent  emission  features  originating  from 
the  excited  states  NF(a),  NF(b),  N2(3),  and  HF+ .  During  the  scans,  due  to 
the  Nr  (b—  X)  (0,0")  band,  a  large  off-scale  feature  was  observed  at  523  nr.. 

This  system  is  net  shown  in  Fig.  21  since  it  was  used  in  the  computer  fits. 

To  record,  on  scale,  a  spectral  feature  several  times  more  intense  than  all 
other  features  would  decrease  the  sensitivity  for  detection  of  the  we a her  fea- 

TWi  ; 


fares . 


Rather  the  (0,1)  band  at  560  na  was  used  to  monitor  [N*?(b)]. 


approacn  was  used  so  that  a  complete  spectral  scan  coulc  be  recordec  using  a 
single  sensitivity  setting  for  an  entire  scan.  The  intensity  of  the  NF(b-X) 
(0,1)  Qand  was  related  to  that  of  the  (0,0)  band  by  making  careful  scans  over 
the  range  525-570  an.  It  was  found  that  the  (0,1)  band  was  33  z  2  times 
weaker  than  the  (0,0)  band. 

It  is  important  to  note  that  the  N’Ftb+x)  (0,0)  band  appeared  to  be  ouch 
stronger  than  the  NTF(a+X)  (0,0)  band.  This  is  due  almost  entirely  to  the 
ratio  of  the  Einstein  A  coefficients  for  the  two  states  (Ref.  37): 

ANF(b)/ANF(a)  ”  "  "41 

U  •  1  /  O  5 

In  actuality  it  was  found  that  [MF(a) ]/[MF(b) ]  was  greater  than  100  for  these 
conditions . 

The  spectral  fitting  routine  utilized  the  absolute  spectral  response 
calibration  data,  consequently  it  calculated  absolute  number  densities  for  the 
species  N2O),  NF ( a )  and  NFlb).  Since  v'  =  0  in  N'gO)  could  not  be  detected 
the  results  are  for  N2O;  v=1-12).  The  N(20)  concentrations  were  determined 
separately.  A  sample  of  the  results  for  a  run  is  presented  in  Table  3. 

To  obtain  an  N2O)  excitation  rate,  plots  of  [X2(E;v)J  versus  (N'F(a)j  :t 
[N(2DJ]  were  constructed.  A  typical  plot  is  shown  in  Fig.  22.  N'ote  that  the 
[ NF(a ) ] [N( 20) ]  product  was  varied  by  nearly  two  orders  of  magnitude.  Recall¬ 
ing  Eq.  (15)  it  is  noted  that  the  slope  of  this  plot  should  equal 
k 3/ ( A2+a  ~  Kg).  To  accurately  determine  kj  one  must  determine  the  production 
rates  into  the  individual  vibrational  levels  of  N2O).  This  stems  from  A5+A 
being  dependent  upon  v  (Ref.  38).  The  total  rate  coefficient,  ’*3,  is  then 


TABLE  3. 


Sample  Tata  Showing  [N213)]( 
of  r H 2 j  Added. _ 


[NF(a ) j  and  [ N ( ^ D ) 3 


aa  a  Functi 


LH2J 

[NFU  )  J 

iN(:0)3 

[n2(b)1 

[  NF  ( a  )  ]  x  [  N  l  2  D )  ] 

LN2  (  3 )  ]/r.N( 

1 .37x1013 

7.13x10” 

3.24x1010 

2.22x107 

2.3x1 022 

6.3x10“ 

3 . 43x1 0 ’ 3 

7. 1 TxlO1 1 

2 . 84x 1 0 1 0 

2.81x1 07 

2.0x1 022 

9.9x10“ 

7.95x1013 

6.  72x1 O1  ’ 

2. 4x1010 

1 . 56x1 07 

1 .6x1022 

6.5x10“ 

2.C?xl J14 

7 . 23 xl 0  1  1 

1  .  3  5  x  1  0  ’  0 

3.91x106 

9 . 7x1 02 1 

6.6x10“ 

4.04x10’ 4 

7. 23x1 0  ’  1 

7.S7x1G9 

4. 7x1 06 

5. 7x1 02  ’ 

6 . 0x10“ 

2.43x1012 

1 . 41 xl 0  ’  1 

2. 92x1 09 

4. 4x1 03 

4. 1 xl 020 

1 .5x10“ 

-3 


NOTE: 


All  entries  are  in  molecule  cm 
total  oressure  was  3.06  torr. 


The  bath  gas  was  Ar,  and  the 


Using  plots  similar  to  that  shown  in  Fig.  22,  the  total  excitation  rate 
coefficient  was  computed  from  Eq.  (42).  N'ote  that  we  could  not  monitor  v1  = 
so  the  kg  is  only  for  levels  v*  =  1  to  12. 

The  detailed  ’*g(v^)  are  prasentad  in  Table  4.  Also  shown  are  the  sums, 
kg.  The  total  excitation  rate  coefficients  for  the  six  runs  are  tabula  tad  in 
Tabla  5. 


In  Fig.  23  a  plot  is  presented  of  CiVgtB)]  versus  [SF(a)j  x  [S(* D)]  ail 
the  data  collected.  The  spread  in  the  data  is  typical  of  absolute  photometri 
measurements  and  considering  that  these  runs  were  made  under  differing  condi¬ 
tions  and  over  a  period  of  three  weeks,  the  reproducibility  is  satisfactory. 


Although  the  data  in  Fig.  24  do  not  indicate  a  discernable  dependence  of 
f.NgO)]  upon  bath  gas  pressure  or  species,  the  data  for  the  individual  runs, 
summarized  in  Table  5,  perhaps  show  a  slight  quenching  of  Ng(3)  by  Ar  and  He. 
it  the  highest  pressure  (-3  torr)  the  excitation  rate  coefficients  (propor¬ 
tional  to  t II o 1 3 ) } )  are  ~15  percent  reduced  from  the  values  at  the  lowest  pres 
suras  [-0.1  torr).  In  addition  Ar  may  be  a  slightly  more  efficient  quencher 
of  U g 1 3 ) . 

.'Jot  shown  in  Taoie  5  are  populations  for  As  stated  earlier 

[NF(b; ]  was  typically  two  orders  of  magnitude  smaller  than  [NF(a)].  In  light 
of  kg  being  nearly  gas  kinetic,  NF(b)  *  .'J(2D)  reactions  can  be  discarded  as  a 
significant  source  of  Ng(3)  excitation. 

It  is  to  be  noted  that  the  spectral  region  of  374  na  contains  contribu¬ 
tions  from  HF(a-X)  and  the  (2,1)  band  of  the  N2(3-A)  system.  The  HF(3,3) 
overtone  emission  was  in  some  data  observed.  Alt.nough  the  spectral  fitting 
routine  can  treat  this  situation,  problems  can  arise  if  tne  1Jg(3~A)  or  HF 


iBLE  4.  Measured  hi  for  v*  =  1-12  at  Various  Bath  3a; 
Conditions  are  Indicated. 


Pressure 

<d  3 

\ torr ) 

Excitation  Rate 
Coefficient,  hvi 
f  ca3-aolecule~ 1  -i 


1.273 
2.335 
1 . 447 
1.912 
1.612 
1 .628 
1.546 
1.412 
1.140 
3.473 
5.882 
2.644 


Sum= 1 . 600 


1.220 
2.231 
1.528 
1.304 
1.186 
1.226 
1.262 
1  .353 
9.102 
5.534 
3.533 
7.047 


Sun=1 . 379 


1.116 
2.313 
1.545 
1 . 726 
9.785 
1.123 
1.363 
1.534 
3.865 
4.086 
2.446 
9.771 


x  10*n 
x  10~n 
x  1 0* 11 
x  1C"11 
x  10*1  1 
x  10'1  1 
x  10_1 1 
x  10"  ‘  1 
x  10*1  1 
x  10" 12 
x  10*12 
x  10* 12 


x  10“10 


x  10_1  1 
x  1  u~  1  1 
x  1  0*  1  1 
x  10* 11 
x  10*1 1 
x  1  0“ 1  1 
x  1 0*  1  1 
x  1 0  *  ’  1 
x  10*  1,2 
x  10*12 
x  10*  12 
x  1 0* ' 3 


x  10'10 


x  10*11 
x  10*1 1 
x  10*1  1 
x  10-1 1 
x  10*12 
x  10*1  1 
x  10*1  1 
x  10"  11 
x  10- 12 
x  1C*’2 
x  10*  12 
x  IQ*  13 


Sum= 1.422  x  10" 


overtone  emissions  are  stronger  than  the  NF(a-*-X)  .  In  that  case  the  [  h’F  (  a )  ]  is 
underrepresented;  the  N2O)  and  HF  +  are  too  heavily  weighted.  It  is  a  problem 
that  we  are  attempting  to  alleviate.  For  the  present  this  was  circumvented  by 
working  at  conditions  where  N'F(a*X1  was  at  least  as  strong  as  either  the 
HF(3,3)  or  N'2(3-<-A)  in  the  region  of  NF(a  +  X)  near  374  an.  The  problem  was 
especially  prominent  when  the  sliding  injector  was  used.  Data  recorded  from  0 
to  2.5  as  downs trean  of  the  H2  injector  were  heavily  contaminated  with  Hc(3,0j 
emission.  Consequently  only  those  NF(a)  data  for  t  >  2.5  ms  were  used.  It  is 
significant,  however,  that  whan  clean  NF(a+X)  spectra  in  the  region  of 
2.5  -*•  10  as  were  utilized  the  data  gave  an  excitation  rate  for  ^(3)  in  good 
agreement  with  all  fixed  K2  injector  data.  (These  movable  injector  data  are 
included  in  Fig.  14  and  in  Taoles  4  and  5.) 

The  initial  result  is  quoted  for  the  excitation  rate  coefficient,  kj ,  for 
'J2  ( 3  -  A )  formation  in  vibrational  levels  v’  *  1+12  as 


(1.5  c  0.7,  x  10~1J  cm^-molecuie- 1 ~s~ 1 


4o 


VMM 


m 

V  * 

p 

§§ 

where 

< 

. 

i.n  tne 

asareaeat.  These  include  the  calibrations  for  the  [N'(“0)j,  i'^\S)l, 

and  [N'2'3)’  diagnostics.  The  N’O/O  calibration  procedure  introduces  a 
29  percent  error:  (25  percent  for  the  0  +  NO  rate  coefficient  and  15  percent 
reproducibility  in  the  measurements  of  the  h’O/Q  titration).  The  estimated 
error  in  the  h'(22i  calibration  is  -15  percent.  The  reported  value  of  the 
h’F(a)  lifetime  probably  carries  an  additional  25  percent  error.  Comoining 
this  with  the  results  presented  in  Table  5  gives  ~42  percent.  The  apparently 
large  error  is  due  to  the  errors  quoted  in  the  literature  for  results  that  we 
have  used  to  reduce  data. 


2. 4. 3. 4  Vibrational  relaxation  in  M->(3) — Since  these  studies  were 
performed  at  several  pressures  from  0.7  to  3.0  torr  some  vibrational  redistri¬ 
bution  was  observed  in  the  3 )  manifold.  Examples  of  this  are  shown  in 
Fig.  24  where  the  populations  (NTV.  )  in  N2(3;v)  are  plotted  as  a  function  cf  /' 
for  two  Ar  pressures.  At  3  torr  the  effects  of  vibrational  relaxation  are 
seen,  especially  for  v‘  >  3.  (The  bottlenecking  in  v'  =8  has  also  been 
observed  in  the  :< o \A)  energy  pooling  work.)  A  much  flatter  v*  distribution  is 
observed  at  0.7  err. 

It  is  clear  tea  t  the  distribution  at  3.0  torr  is  not  nascent.  While  we 
cannot  state  with  certainty  t.nat  the  data  at  0.7  torr  represent  a  nascent 
distribution  it  is  certainly  much  closer  to  the  initial  distrioution  produced 

-n 

by  the  N7(a)  -  reaction.  Clearly  one  must  exercise  caution  when  inter¬ 

preting  populations  in  Ni(3)  from  chemiluminescence  intensity  measurements . 


It  is  of  interest  to  examine  the  individual  rate  coefficients  (kv.)  for 
NjOjv)  production  as  a  function  of  v' .  Figure  25  presents  plots  of  kvi 
versus  v'  at  two  Ar  both  gas  pressures  (3.06  and  0.30  torr).  Also  seen  are 
the  effects  of  vibrational  relaxation  in  the  vibrational  manifold  of  M2O). 
The  differences  between  the  respective  kv 1  at  the  two  different  pressures  are 
apparently  due  to  vibrational  relaxation  prior  to  N->(3wA)  emission. 
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Figure  25.  Dependence  of  measured  excitation  rata  coefficient,  '<7,  as  a 
function  of  v'  for  two  Ar  pressures. 


2.4.2. 5  Other  observe tions--The  data  presented  m  Table  2  show  an 
interesting  relationship  between  the  excited  species  produced  and  the  amount 


a  func- 


of  sided.  In  Fig.  26  we  plot  [NF(a)J,  [ N2 ( B )  2  >  and  ■  all  as  a  func¬ 

tion  of  [ H 2 -  added  using  the  data  from  Table  3.  The  [h'F(a)]  seems  to  reach  a 
steady  value  as  previously  observed.  In  contrast  i K ( ** Q )  ]  first  increases 
reasonably  consistent  with  the  previously  measured  quenching  of  N(“0)  o y 
H2  (Ref.  33).  The  [.V2(3)]  follows  the  same  pattern. 

Since  N2(3)  is  in  steady  state  with  N(“D)  it  is  expected  that  at  constant 

[NF(a)j  the  ratio  of  [  N  2  ( 3 )  ]/[N(^D)  j  will  be  constant.  In  the  last  column  of 

Table  3  it  is  seen  that  for  the  first  five  entries  <[NF(a)J>  =  (7.1  0  0.2)  x 

10''  cm”3  and  <  [  '.'2  ( B  )  ]  /  [  M  (  20 )  ]  >  =  (7.2  i  1.4)  x  IQ”"1.  Similar  behavior  was 

observed  fur  all  runs.  As  expected,  the  value  of  [  N2  ( 3  )]/[:*'-;  0 )  ]  depended 

upon  :  N'  T  ( a )  (  ,  e.g.,  for  one  set  of  runs  [h'F(a)]  =  (1.0  r  O.i)  x  10'“  :a'J  and 
■*»  — 

[  'i  2  (  3 )  ’  / ..  N  (  *  0 )  i  »  (1.3  t  0.2)  x  10  J .  Howe  ve  r ,  fora  rvy  se  t  o  f  runs  w  i  th  con¬ 
stant  I  u'r  t  a  .  *  ,  ’  M-  3 )  j  /  [  ;  3 )  ]  was  constant  to  within  :20  oeroent. 


l*  xW. 


1  > 


J 


ADDED 


( 1C*4  cm"4) 


Figure  26.  Plot  of  [SFta)],  [N?(3)j  and  [N(2D)]  as  functions  of 
added,  a)  Total  pressure  »  3.06  torr  ( Ar ) ;  effective 
reaction  time  =  17.3  ms. 


In  the  third  quarterly  report  it  was  pointed  out  that  the  N'n(A)  produc¬ 
tion  shewed  a  strong  dependence  upon  the  amount  of  Ho  added  to  the  microwave 
disenarted  NT 3 .  The  current  results  demonstrate  a  similar  dependence  for 
N'-;3)  and  M  ( ~0)  as  indicated  in  Fig,  27.  (Also  included  in  Fig.  27  are  data 
for  N'^'.a)  obtained  by  monitoring  the  N^la-X)  system  at  149.5  am.  )  Note  that 
if  H  2  were  quenching  ‘<’2  ( 3 )  directly  a  quenching  rate  coefficient  of 
-1CT9  cm9  molecule-^  s-1  would  be  required  to  explain  its  observed  decay. 


R3ther,  as  stated  above  H2  quenching  of  N(20),  the  probable  precursor  to 


is  a  much  more  likely  explanation. 


The  da ta  presented  in  Fig.  27  combined  with  the  previous  observation  on 
Uni  A)  support  the  reaction  between  N’F(a)  and  N'(“D)  as  being  the  key  excitati 
s  t ?o  for  all  N-  *  . 


m 


l' 


J 


• 

-  [NF(a )  ] 

lUNITS  OF  1C  -  -1-  cm"-; 

o 

-  [N(20j  ] 

(UNITS  OF  iu*1!  cm"-'; 

▲ 

-  [M2(B)] 

(UNITS  OF  IG^  cm"-) 

7 

"  l ^2 ( a ) J 

(RELATIVE  UNITS) 

(1015  cm-3) 


Lot  of  LNF(a)],  [Mo(3)],  [M(2D)j  and  relative 


as  functions  of  [H-j  added.  Total  pressure  =3.3  lorr; 
reaction  time  =  15  as. 


During  the  course  of  this  program  other  observations  have  been  made  that 
are  relevant  to  t.ne  potential  of  the  H  f  h'?2  reaction  sequence  as  a  source  of 
N'  -  ( A  >  .  There  is  not  an  estimate  for  We  observed  No  ( a ;  v '  =6 }  and 

N'2(3:v'=12;  whicn  are  both  at  the  pre  dissccia  tior.  Unit  of  10  eV.  The  only 
two  relevant  reactions  energetic  enough  to  produce  the  excitation  are 


N(2D)  *  NF  >  a )  *  No  -  ?  12  =  10.05  eV 


Nt^C)  -  NT ( b ) 


IE  =  10.97  eV 


As  pointed  out  above  the  [NF(b!]  is  probably  too  small  to  contribute  sig 
nificantly.  Thus,  the  conclusion  is  that  all  No*  may  be  produced  by  reaction 
3.  Since  reaction  3  is  exothermic  enough  to  produce  excitation  up  to  the  pre 
dissociation  limit,  ar.d  since  production  of  No’  is  indeed  observed  all  the  va 
to  predissocia  ticn  t.nere  zav  be  an  ir.nerent  inefficiency  in  the  system  with 
resoect  to  oartitior.in  j  into  soecific  N->*  states. 


:n  reservation,  made  wmle  performing  seme  early  survey  -w 
‘he  .  •  g  ( A )  was  produced  using  the  Hg  i  Ar/NFg  ;  g  ischar  re 


iA*X;  Vecard-Kaoian  bands  were  monitored. 


-n  tna  ncce  o: 


IN- \A; ’  a  microwave  discharge  was  initiated  in  the  Kg  flow, 
raied  by  a  factor  of  2.  Although  only  a  qualitative  ebser- 
tr.at  A  atom  quenching  of  Ng(A)  or  a  precursor  couli  be  a 
he  quenching  reaction  to  form  NH  +  H  is  slightly  endo- 
one  quantum  of  vibrational  energy  in  Ng(A)  would  make  this 
Perhaps  the  opening  of  a  reactive  channel  may  explain  why 

J <2  30  ^3 


j  Modeling  rasults--A  major  goal  of  Task.  2  was  to  determine 
efficients  that  could  be  incorporated  into  the  cotaprshen- 
A1FA.*  This  code  has  been  recently  tailored  to  describe 


or  excite 


No .  To  aid  in  the  data  interore  ta  tier,  some 


:  the  M  NFg  system  has  been  performed.  ‘.Chile  net  inter.de 
comprehensive  study,  the  modeling  results  described  in  the  following 
.  hs  were  helpful  in  data  interpre ta tion . 


•emetic  mouei  was  used  that  integrated  a  system  of  first  order  diifer- 
e  qua  tuns  given  an  initial  set  of  conditions  which  consists!  of  number 
as  of  a._  relevant  species.  The  model  also  assumed  that  all  species 
emixed.  Vn»  reactions  considered  and  the  corresponding  rate  package 


'  t  n  ^  -  i  r»  .3  t  m 


oomprehensive  rate  package  of  Ref.  40  was  used 


resent  a  .n  a  -  v  s  i  s  . 


erpretatun  was  a  sagor  goal  of  the  modeling  investigation, 
ncentrated  on  comparisons  of  model  predictions  wit.n  experi- 
ost  relevant  comparisons  were  temporal  profiles  of  the 
.  The  magority  of  the  experimental  work  monitored  N  q  (  3 )  , 
d  it  is  the  set  of  species  that  is  now  consider. 


Veacons  lanoratory,  Kirtiand  AF3 ,  New  Mexico. 
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Ihe  model  was  ran  by  specirying  an  initial  set  of  conditions  for  all 
species  concentra cions .  The  rate  equations  were  then  integrated  and  the 
species  concentrations  were  predicted  from  0  to  10  ns  at  1  as  intervals. 

(This  range  was  identical  to  that  of  the  experiaental  runs  when  the  sliding 
injector  was  used. i 

Initial  conditions  in  the  aodel  were  chosen  to  be  identical  to  those  of 
the  actual  experiaer. ts .  The  [Ar]g  and  [H2jg  were  aeasurad  direct!;'  froa  the 
aass  flowaeter  readings.  The  largest  uncertainty  in  initial  condition  deter¬ 
mination  occurred  for  [  NF2  j  g  and  [F]q;  since  we  had  a  diagnostic  for  neither 
of  these  their  concentrations  were  estimated.  The  upper  limit  of  the  [N?2]g 
was  [ M F 3 ] g  wnile  '?]g  is  required  to  be  less  than  3[NF2].  Because  molecular 
hydrogen  was  introduced  into  the  flow  tube,  atomic  hydrogen  is  produced  by  the 
reaction  of  F  +•  H-, . 

As  pointed  out  previously,  when  H2  is  added  to  the  products  of  the  NF3 
discharge,  [h’F(a)j  rises  then  reaches  a  plateau  which  is  independent  of 
further  H2  increases.  This  titration  end  point  is  interpreted  to  occur  when 
all  F  has  been  consumed,  i.e.,  [K2]q  -  [Fjg.  Examination  of  the  data  in  this 

manner  indicates  tnat  approximately  four  F  atoms  must  be  produced  by  the  dis¬ 
charge  for  every  five  NF3  molecules  that  are  introduced  into  the  cavity. 

The  estimate  for  [MF2jg  is  less  certain.  Since  this  model  best  fits  tine 
data  when  [NF2  ■  ,3/ [ F ’  q  ~  1/2,  it  appears  that  the  microwave  discharge  produces 
about  a  50  percent  yield  of  h'?2  from  the  NF3 .  Note  that  the  discharge  is 
always  run  at  a  relatively  low  power,  ~10  W.  When  the  discharge  was  increased 
to  30  w  the  NF(a)  and  N2(3)  concentrations  were  drastically  reduced  indicating 
that  at  high  microwave  fluxes  NF2  is  dissociated.  In  addition  as  the  micro¬ 
wave  power  increased,  N(^S)  (detected  at  120  nm  by  resonance  f luorescence ) 
also  was  enhanced. 

In  Fig.  23  a  comparison  of  predicted  and  measured  profiles  for  is  shown 
NF(a),  N(20),  and  NnO)  using  the  rates  determined  for  reactions  2  and  3. 
liven  that  the  estimated  uncertainties  for  these  two  rate  coefficients  are  --20 
and  ;0  percent,  respectively,  the  agreement  is  quite  good. 
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5  -  MODEL  PREDICTIONS 

is  important  to  note 


empirical 
removal  is 


not  presently  understood,  but  wall  reactions  sees  to  be  an  unlikely  explanation 
(Ref.  3).  This  removal  of  h'F(a)  is  an  open  question  and  the  possibility  of  a 
binolecular  reaction  must  be  considered.  More  work  on  this  problem  is  indicates. 


As  indicated,  the  modeling  study  was  completed  to  aid  in  data  interpreta¬ 
tion.  The  model  supports  two  important  features  of  the  proposed  H  -  NT 2 
mechanism.  First  it  is  consistent  with  a  two-step  production  of  N2O 1  via 


reactions  2  and  3  with  ’<2  <<  '*3.  Secondly,  it  supports  the  hypothesis  that 
is  the  primary  product  of  reaction  2. 

For  completeness  we  also  experimentally  monitored  by  resonance  fluores¬ 
cence  at  *20  nm  N(**S)  production  from  reaction  2.  Although  not  an  absolutely 
calibrated  diagnostic  the  relative  could  be  easily  observed.  In 

Figure  29  we  show  relative  concentra tion  profiles  for  N^s)  and  ^(B)  (which 
as  shown  previously  closely  follows  [N^O)]).  It  is  clear  that  N ( **S )  is  not  a 
primary  reaction  product  and  is  only  formed  at  relatively  lata  reaction  times. 
Its  role  in  h’2*  production  can  therefore  be  only  minimal. 

Ir.  an  effort  to  shed  some  further  insight  into  the  mechanism  for  h'2’  pro¬ 
duction  from  the  H  +  ‘.IF 2  sequence  we  made  some  computerized  data  acquisition 
runs  recording  both  Io(A+X)  and  N2(B-«-A)  chemiluminescence.  A  sample  spectral 
fit  of  the  N 2 ( 3 -►  A ;  spectrum  has  been  previously  presented  in  Figure  21.  In 
Figure  30  we  present  a  similar  spectral  fit  for  the  N2(A-»X)  region.  In  addi¬ 
tion  to  the  ^(A+X)  emission  strong  N0(y)  bands  are  also  observed;  these  were 
almost  certainly  from  N2IA)  to  NO(A)  E-S  transfer.  The  ( M2 ( A } 3  number  densi¬ 
ties  we  measured  ranged  from  2  x  10^  cm-^  to  8  x  10^  cm-^  for  a  variety  of 
conditions.  The  highest  concentrations  were  obtained  at  relatively  high  pres¬ 
sures  (-1  Torr)  where  wall  losses  would  be  minimized.  Typically  [ M 2 i A ) ] 
exceeded  [^(S)]  by  about  two  orders  of  magnitude.  This  is  in  qualitative 
agreement  with  our  modeling  predictions  which  has  N2(B-*-A)  emission  as  the  only 
source  cf  NnfA).  While  not  wishing  to  extrapolate  the  results  of  these  stud¬ 
ies  beyond  their  range  of  validity,  tney  do  support  the  supposition  that  trie 
dominant  production  of  NjlA;  is  by  NjtB-A)  radiation. 
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3  .  N 2  -Nl RU x  —  - .'C.-u’i 3F iR  STUDIES 

This  section  discusses  work  on  understanding  some  energy-transf ar  reac¬ 
tions  of  electronically  excitad  nitrogen.  After  Burrows  (Ref.  -11)  demon¬ 
strated  optically  pumped  lasing  of  the  NO  y-bands,  N'0(A^I“r  --  X- T )  ,  the  idea 
of  using  Mg ( A )  to  pump  the  y-bands  chemically  in  an  energy-transf er  reaction 
followed.  The  studies  on  the  Nt(A)  plus  NO  ener gy-transf er  reaction  have  two 
different  aspects.  First,  determination  of  variation  in  the  electronic  tran¬ 
sition  moment  with  r-centroid  for  the  N’0(A“E  +  --  X^q)  transition  had  to  be 
made.  It  was  found  that  proper  interpretation  of  the  energy- transfer  results 
required  this  information.  Secondly,  both  the  total  quenching  of  N 2 ( A )  by  NO 
and  the  excitation  of  NO(A“E+)  and  >JO( 3^" }  by  N2(A3Eu"t’)  were  studied.  The 
excita tion-rate  coefficients  have  been  made  state-to-state  so  that  we  can 
specify  the  efficiency  for  exciting  each  of  the  NO(A)  vibrational  levels  oy 
each  of  the  different  N'gtA)  vibrational  levels  present  in  our  reactor.  Para¬ 
graph  3.1.2  details  the  experimental  facility  used  in  all  three  sets  of  mea¬ 
surements  under  this  task.  Additional  experimental  details  appear  where 
needed  in  Paragraphs  3.2.2  and  3. 3. 2. 2. 


J 
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A  major  concern  in  developing  a  chemical  laser  based  upon  energy  transfe: 
from  a  storage  state  cf  or.e  molecule  or  atom  into  a  lasing  state  of  another 
molecule  or  atom  is  now  large  a  number  density  of  the  excited  reservoir  mole¬ 
cules  can  be  generated.  The  reservoir  molecules  can  be  destroyed  either  in 
quenching  reactions  with  other  species  in  the  laser  medium,  or  in  self- 


quer.c.ning,  or  energy-pooling  reactions, 


has  been  found  that  energy  pooling 


of  N't  (A)  molecules  produces  nitrogen  in  the  C3:iu  and  33q,?  states  as  well  as 
generating  emission  from  the  Herman  Infrared  system,  the  upper  state  of  which 
has  yet  to  be  characterised.  Paragraph  3.2  describes  state-to-state  kinetic 
measurements  of  the  rate  coefficients  for  producing  various  vibrational  levels 
of  each  of  the  products  from  the  various  vibrational  levels  of  the  pooling 
N'2(A)  molecules. 

It  has  been  shown  previously  that  active  nitrogen  excited  IF(33Tq»)  effi¬ 
ciently  (Ref.  6).  Although  the  precursor  of  the  IF(3)  emission  unequivocally 
could  not  be  identified,  these  data  indicated  tha  t  N->(A^-,,1. 


VtW 

N'2  ( a  '  7.c )  ,  and  N'(-C)  probably  were  not  trie  precursor  shares. 

Rather,  our  evidence  pointed  to  !n(X,v!  as  being  the  likely  precursor  state 
with  high  vibrational  levels  of  the  ground-electronic  state  of  nitrogen  above 
v"  =  10  exciting  the  I?  in  a  vibra tional- to-electronic ,  V-E,  transfer.  Para¬ 
graph  3.3  describes  scoe  additional  studies  on  the  nature  of  active  nitrogen 
and  its  subsequent  transfer  of  energy  to  IF.  A  diagnostic  has  been  developed 
for  vibrationally  excited,  ground-state  nitrogen,  and  have  further  character¬ 


ized  the  energy  transfer  reactions  between  components  in  the  active  nitrogen 
and  IF. 

3.1  ST.ATE-TO-SI.AIS  ENERGY  TRANSFER  FROM  N2(A3:u*,  v'  =  0,1,2)  TO 

NO  (A3  O’”,  v'  =  0,  1  ,2) 

3.1.1  Introduction — The  excitation  of  the  NO  y-fcands  in  the 
ener gy-transfer  reaction  between  N2(A)  and  NO  is  now  well  established 
(Refs.  43 ,  -14 , 45  ,  -43 )  .  What  is  not  well  established  is  the  fraction  of  total 
N 2 ( A )  quenching  which  results  in  NO(A)  excitation.  The  published  values  of 
the  rate  coefficient  for  excitation  of  NO(A)  by  N2(A)  (Refs.  43,44)  ara  both 
ractor  of  2  greater  than  most  of  the  measurements  of  the  rate  coefficient  for 
the  destruction  of  N 2  wA )  by  NO  (Refs.  42,43,45,46,47).  The  magnitude  of  this 
discrepancy  demands  further  inves ti ga tion .  In  addition,  the  state-to-state 
partitioning  between  vibrational  levels  of  the  N2(A)  pumping  reagent  and  the 
0 ( A )  is  uncertain.  Caliear  ar.d  Wood  (Ref.  45)  claim  a  strong  difference  in 
the  ratio  of  N0(A)  v'  =  3  to  v'  =1  excited  by  N2(A,  v*  =  0)  (3.3:1)  compared 
to  that  excited  by  N'2(A,  v'  =  i  (1.3:1).  Some  preliminary  results  from  a 

study'  a  number  of  years  ago  aimed  at  using  NO  y-bands  as  a  monitor  of  system 

purity  (Ref.  43)  incicate  a  much  smaller  difference  (7;1  and  4:1, 
respectively).  It  is  also  not  clear  if  there  is  a  strong  difference  in  the 
quenching  rate  coefficients  for  the  different  N2(A)  vibrational  levels. 

Dreyer  et  al.  (Ref.  47)  found  NO  quenched  N2(V  =  1)  almost  70  percent  faster 
than  N2(A,  v’  =  0)  while  Clark  and  Setser  (Ref.  43)  and  Young  and  St.  loan 

(Ref.  44)  say  both  N2iA)  levels  are  juenc.hed  by  NO  with  equal  efficiency. 


Consequently,  a  careful  investigation  was  undertaken  which  is  reported  here. 


3.1.2 


jntal —  The  acoantus  is  a  2-in  tlow  tube  oumped  bv  a 


Leybold-Heraeus  Roots  blower/f orepunp  combination  capable  of  producing  linear 
velocities  up  to  :  <  10^  cm  s-1,  at  pressures  of  1  torr.  The  flow-tube  design 


is  modular  (Fig.  21),  with  separate  source,  reaction,  and  detection  sections 


which  clamp  together  with  C-ring  joints.  It  has  been  described  in  its  various 


configurations  a  number  of  times  (Refs.  49-54).  The  detection  region  is  a 


rectangular  stainless-steel  block  bored  out  internally  to  a  2-in  circular. 


cross  section  and  coated  with  Teflon®  (Dupont  Roly  TFE  #652-201)  to  retard 


surface  recombination  of  atoms  (Refs.  55-59).  Use  of  a  black  primer  prior  to 


the  Teflon®  coating  reduces  scattered  light  inside  the  block  drama tica ilv . 


The  block  has  two  sets  of  viewing  positions  consisting  of  four  circular  ports 


each  on  the  four  faces  of  the  block.  These  circular  ports  accommodate  vacuum- 


ultraviolet  (VU7)  resonance  lamps  and  visible  monochromator  interfaces,  laser 
delivery  side-arms  and  a  spatially  filtered  photomultiplier/interference  fil¬ 


ter  combination. 


In  these  experiments  a  suprasil  lens  collected  light  from  the  center  of 


the  flow  tube  and  focussed  it  on  the  entrance  slit  of  a  0.5  m  Minuteman  mono¬ 


chromator  which  is  outfitted  with  a  1200  groove  mm-1  grating  blazed  at  250  r.m. 
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F i gi re  31.  Flow  tube  apparatus  configured  for  Up(A)  decay  kinetic 


measurements . 
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A  therucelectricsl ly-ccoiec  pr.ctomultiplier  (HTV/R943- 22  )  ietectec  p nctor.s 
with  the  aid  or  an  33R  *105  pnoton-counting  rate  retar.  A  laboratory  computer 


system 

iiz itisad  the 

analog  out 

lion  on 

floppy  cis^s 

f cr  f ur tire. 
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system  (DT 

rocessing.  The  computer  system  comprises  an 
:<  diskette  drives,  a  monochrome  nc.niacr,  and 
graphics  capability.  Tata  Translation* 

1  A) ,  which  features  15  channels  of  A/D 
inputs,  two  channels  of  D/A  output,  two  3-bit  digital  I/O  ports,  software 
programmable  gain,  single-ended  or  differential  input,  and  data  acquisition 
rates  as  fast  as  14  kHz.  Laboratory  Technologies  Inc  software  package 
"Real-time  Laboratory  Notebook,"  interfaces  the  computer  to  the  D/A  board  ana 
organizes  data  in  a  form  compatible  for  analysis  using  the  Lotus  113  business 
spreadsheet  software  or  for  sending  to  the  PRIME  4CJ  computer  in  PSI's  com¬ 
puter  center  for  analysis  on  that  machine.  Much  of  the  analysis  revolves 
around  least-squares  fitting  of  spectra.  This  code  (Ref.  53,  generates  casts 
functions  consisting  of  a  synthetic  electronic  spectrum  for  a  unit  population 
in  each  vibrational  level  of  each  electronic  state  appearing  in  tne  spectral 
region  of  interest.  A  least-squares  routine  then  finds  the  populations  of 
eac.i  vibronic  band  which  when  multiplied  by  the  appropriate  'oasis  function 
gives  a  composite  spectrum  most  nearly  matching  the  experimental  spectrum. 


Standard  quartz-halogen  and  D2  lamps  were  used  to  calibrate  the  spec 
system  for  relative  response  as  a  function  of  wavelength.  Excellent  agr- 
between  reserved  and  calculated  intensities  of  a  numoer  of  rands  of  tne 
NM,A3:.." 

tne  ultraviolet  calibration. 


h  '  I  „  ~ )  svstem  between  220  and  400  nm  confirmed  the  reliant 
a 


e  reaction  between  metastable  A.r  C  ^  ?o ,  2  ^  molecular  nitrogen  produces 
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.me  metastable  nitrogen  molecules,  N2(A^gu+)  (Refs.  61,62).  This  transfer 


excites  No ' -^~u' which  quickly  cascades  radiatively  to  the  metastable  A  3 

.}  state.  A  hollow-cathode  discharge  source  coeratinr  at 
j  • 

240  Vic  and  5mA  produces  tne  argon  metastables.  The  argor,  and  nitrogen  are 
purifier  by  flawing  them  through  traps  filled  with  5  A  molecular  sieve.  Since 
the  experiment!  involve  metastable  introge.n,  it  is  not  necessary  to  re  rove  tne 
nitriren  amour  a  1 v  from  the  Ar  carrier. 


-■■'■Zj.  Tran  ;  1, it  ion,  Inc,  Marlkorouch ,  MA. 
dabernter"  Tecr.r.:  1  bzies  Inc,  Santa  Clara,  0A. 
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A 


i.iservauons  or  strong  . -agar a-.vapj.an ,  ><2lA'-u  ~  eaisaion  :cw?.- 

strsan  of  the  Ar/M~  nixing  .tone  confirms  the  production  of  tine  nitrogen  meta¬ 
stables  (Fig.  32).  Codischarging  the  ><’2  with  the  Ar  increases  the  Mg  ( A )  yiej 
by  a  factor  of  about  6  ( Ref .  64)  but  it  has  been  found  that  this  procedure 
also  produces  roue  atonic  N'2,  vibra tionaily  excited  Mo  and  netastable 
■;2'a‘  '"u"'  (Kef.  65;  .  Unequivocal  measurements  on  Mg (  A-^"u~ )  reactions  there¬ 
fore,  demand  that  the  Mg  be  added  downstream  of  the  discharge. 
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oxide  enters  the  flow  tube  through  a  1-in-dia  loop  injector 
of  a  1/4-in-dia  tube  which  slides  along  the  bottom  of  the  fl 
1  to  its  axis.  This  allows  a  variety  of  reaction  distances 
netLo  studies.  Adding  CH4,  CF3rf,  or  CF4  to  the  gas  stream  t 
o<-shape  injector,  just  downstream  from  where  tne  NjA  enter*? 
c  reloxe  i  N-A  vior  a  tional  excitation  wit.ocut  significant  ele 


ra  tes 


were  calioratea  cy  aeas-nr.o  rates  or  increase  or  pressure  w:: n  tine  mt 


or  12  L  flasks,  using  appropriate  differential  pressure  transducers  iVal 


OP-15)  which  themselves  have  been  calibrated  with  silicon  oil  or  mercury 


Typical  flow  rates  for  Ar,  N'g ,  and  He  through  the  i.ogectcr  are 


50C0,  100-530  and  50  .mol  s"1,  while  the  NO  flow  rate  ranges  between 


and  3  and  3.01  .mol  s”1  for  decay  or  excitation  rate  measurements,  respe 


tively.  Total  pressures,  as  measured  by  a  BaratronO  capacitance  mancme: 


range  from  0.3  to  13  torr,  and  flow  velocities  vary  from  500  to  5000  cm 


The  number  density  of  reactant  i  is  given  by 


'f  tot 


where  the  f ^  represent  reagent  flow  rates,  ptot  is  the  total  flow  tube  p 
sure  in  torr,  N'0  Avogadro's  number,  R  the  gas  constant  16.236  <  1G”~  tor 
inol”1  and  T  the  absolute  temperature. 


N'itri;  oxide  is  purfied  by  slowly  flowing  it  at  atmospheric  pressur 


through  an  AscariteS  trap  and  then  through  a  cold  finger  surrounded  by  a 


me  thar.ol/  INg  slush  bath  (-100*0.  The  NO  is  then  dilutee  in  Ar  and  the 


mixtures  stored  in  :-i  Pyre x 5  flasks.  Mixtures  of  5 -6%  NO  sufficed  for 


rate  measurements  while  the  exci ta tion-ra te  determinations  repaired  NO  m 


f rac ti ons  <  13”'. 


3.1.3  The  Hlectronic  Transition  Moment  for  the  N0(A2"”  -  X2 1 ) 


Transition --The  issue  or  w.nstner  or  not  tnere  is  a  signiricant  variation  in 


the  electronic  transition  moment  with  r-centroid  for  the  NO ( A“ I  *  -  X“T)  tra 


sition  has  been  the  suspect  of  a  number  of  papers  over  the  last  several 


decades  ,.-.efs.  67-73).  While  a  aumoer  of  papers  have  shown  evidence  of  a 


niflcant  transi  tior.-uomen  t  moment  variation  (Refs.  67-72j,  several  groups  h 


t.nis  contention  (Refs.  <  3-' 


References  72  and  7 review  most  o 


the  relevant  literature.  The  general  consensus  in  the  scientific  com.aur.it/ 


seems  to  oe  that  no  significant  transition  moment  variation  occurs  for 


wriSV 


'«-can-5.  Recent-y,  vnue  studying  tne  electronic  energy  transrer  cetve 
N-, ;  A  ^ ~  •  and  NO,  mconsis  te.ncies  vere  found  in  NC(A  ~Z^)  excitation  r 
ceasured  using  different  bands  originating  from  v‘  =  0  if  a  constant  tr 
Cion  accent  was  invoked.  The  excitation  of  the  NO  -/-bands  by  Ng  (A  *;,a 
energy  transfer  to  NO  (X  ~7.)  provides  a  source  of  -/-band  emission  which 
free  iron  other  significant  overlapping  band  systems  in  the  spectral  re 
It  was  found  that  the  observed  branching  ratios  for  transitions  f roc  a 
vibrational  level  in  the  uooer  state  cannot  be  exolained  by  variations 


:ratcs--onoon  factors. 


Observations  show  variation  in  the  electronic  t 


tion  eocene  cf  core  than  40%  over  the  r-centroid  range  1.13-0.97  i, 
tenticn  is  supports i  in  the  following  paragraphs. 


Correct  transition  probabilities  for  the  NO  A-X  systea  bear  directly  ipo 
atcoschsric  science  through  such  processes  as  the  oeasureeent  of  NO  colucn 
densities  in  the  cesophere  ',?.ef.  79)  or  the  interpretation  of  scissions  m  a 
strong  aurora.  In  addition,  proper  NO  A-X  transition  probabilities  are 
to  calculate  the  gain  for  various  transitions  in  the  optically  pueped  N 
laser.  However,  proper  NO (A-X)  transition  probabilities  affect  a  wider 
of  studies.  ever.  Because  they  are  easy  to  excite,  the  MO  v-ba.nds  are 
used  to  establish  tne  relative  spectral  resoonse  of  nor.ochrorca tor s  m  t 


Franc'x.-Ccnucn  ractor,  tne  cuoe  or  tne  transition 
the  electronic  transition  ooaent.  Thus 
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The  trar.si  tion-mcmentless  population  in  the  upper  state  is  then  determine*: 
from  the  ratio  of  the  integrated  band  intensity  to  the  product  of  the 
Francx-Tondcn  factor  and  the  cube  of  the  transition  frequency: 


-  M  . !R  (r  . 


The  ratios  of  these  transiticn-momentless  oooulations  to  each  other  should  be 


constant  unless  the  transition  moment  varies  with  r-centroid. 


•  n  «  r3  ti  v*2 


variation  in  the  transition  moment  with  r-centroid  results  from  the  ratio  of 
the  various  momentless  populations  to  one  reference  population.  Scaling  the 
relative  transition  moments  to  experimentally  determined  lifetime  or 
oscillator-strength  data  is  then  a  relatively  simple  process.  The  spectral 
response  function  of  the  aonochroma tor/detector  system  was  accurately  cali¬ 
brated  and  verified  by  fitting  the  N2  (A-X)  Vegard-Kaplan  transition  features 
whic.n  occurs  in  one  same  spectral  region. 


It  was  determined  that  transition-aomentless  populations  of  the  hands 
emanating  from  v ' = 1  and  1  using  pectral  fitting  routine  for  each  lv  sequence 
from  lv  =  1  to  lv  =  -6.  The  fitting  routine  corrected  for  spectral  overlap 


between  tne  transitions  for  •/' 


0  and  1.  The  fit  included  different  effect! 


rotational  temperatures  for  the  two  vibrational  levels.  Each  of  these  popula 
tions  was  ratioed  to  the  ones  determined  for  the  lv  =  -3  sequence.  Thus 
sequence  is  in  the  middle  of  the  wavelength  range  for  the  band  system  and, 
thus,  should  minimise  any  systematic  errors  in  the  relative  monochroma  tor 
response  function.  The  Franc'x-Condon  factors  of  both  Nicholl's  (Ref.  62)  and 
Aloritton  et  al.  iRef.  62;  gave  similar  results.  The  final  results  incoroora 


•W 


■j~m  •-  v  v^w  \~w  v  k  ? 


Using  this  functional  fort:  for  the  relative  transition  moment,  we  determined  a 
smoothed  set  of  branching  ratios  for  emission  from  a  given  upper  state  as 
being 


SR 
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The  Einstein  coefficient  for  spontaneous  radiation  from  each  band  is  the  prod¬ 
uct  of  the  branching  ratio  for  the  given  band  to  the  total  radiative  decay 
rate  of  the  upper  state  vibrational  level.  The  average  of  nine  apparently 
reliable  determir.a  tions  of  the  fluorescence  lifetime  of  NO(A,  v'  =  0)  gives  a 
value  of  (202  ±  1-4)  ns  (Refs.  74,76,84-90).  Eight  different  determinations 
for  t.ne  V  =  1  level  give  a  value  of  (192  f  14)  ns  (Refs.  76,34,85,83,59,91- 
92).  In  both  cases  the  error  bars  represent  one  standard  deviation.  Table  7 
lists  the  Einstein  coefficients  for  each  band. 

Equation  (47)  relates  the  Einstein  coefficient  for  a  given  v'v" 
transition  to  the  absorption  oscillator  strength: 
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(47; 


where  aa  is  the  electron  mass,  e  its  charge  in  esu,  c  the  speed  of  light, 


'■  o 


the  transition  wavelength,  and  d,d  and  d^  are  the  electronic  degeneracies  of 
the  upper  and  lower  states,  respectively.  These  last  quantities  are  1  and  2 
for  n*2*  and  X^q,  respective ly .  Applying  the  Einstein  coefficients  to 
Eq.  (47;  gives  absorption  oscillator  strengths  for  the  0,0  and  1,0  bands  of 
(3.9  r  0.3)  x  10“^  and  (3.2  t  0.6)  x  IQ-^,  respectively.  These  values  agree 
quite  well  with  literature  measurements  of  (4.03  i  0.22)  x  10-"1  for  the  0,0 
transition  (five  different  experiments)  (Refs.  94-99)  and  (3.26  r  0.43)  x  10”“* 
for  the  1,0  transition  (three  different  measurements)  (Refs.  95,97,98).  Thus, 
the  transition  moment  function  satisfies  the  important  criterion  that  the 
lifetime  and  assort  cion  measurements  be  consistent. 
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:ir.stein  coefficients  have  been  calculated  for  v '  =  2  assuming  the  tran¬ 


sition  moment  variation  or 


(45)  and  a  radiative-decay  lifetime  for  v‘  =  2 


of  (132  r  10)  ns  (Refs.  76,34,35,38,39).  3ecause  transition  cement  variation 


was  extrapolated  to  regions  outside  the  fit,  the  transition  probabilities  from 


■/'  =2  are  less  reliaole.  This  may  be  reflected  in  the  modest  disagreement 


between  the  absorption  oscillator  strength  of  the  2,0  band  calculated  from  the 


transition  probabilities  given  in  Table  7  of  (3.1  i  0.4)  x  lO-4*  and  the  exper¬ 


imental  value  of  (6.3  ±  0.2)  x  10-4*  (Refs.  77,79,80). 


Figures  34  and  35  show  a  comparison  between  the  observed  and  the 


synthetic  best  fit  spectra  for  the  case  of  no  assumed  transition  moment 


tion,  and  the  transition  moment  variation  determined  in  this  work.  Clearly 


including  the  transition  moment  variation  makes  a  significant  difference  in 


the  quality  of  the  fit.  A  poor  fit  could  also  be  the  result  of  having  an 


incorrect  relative  monochromator  response  function.  In  t.nat  case  anaivsis  for 


the  transition  moment  function  would  also  be  invalid.  This  does  not  apoear  to 


be  a  significant  problem  in  this  work,  however,  because  of  the  accurate  fit  of 


the  Vegard-Kapian  bands  of  nitrogen  over  the  same  wavelength  region.  In  addi¬ 


tion,  the  good  agreement  between  our  own  results  and  those  of  the  two  ether 


groups  alluded  to  previously  (Refs.  71,77)  confirms  tha t  the  wavelength 


response  function  is  accurate. 


3.1.4  The  Kinetics  of  the  N -> ( A )  Plus  NO  Reaction — Comclete  characteri¬ 


zation  cf  the  energy-transf er  reaction  between  fblA)  and  NO, 


N  (AJz")  *  NO(X2H)  *  NO(A2:)  +  N  (X) 
2  u  2 


( 43a ) 


■*  other  channels 


(  48b) 


2  2 
NO (A  Z~)  *  NO ( X  3)  +  hv 


involves  measuring  Doth  the  rate  coefficient  for  removal  of  Nb(A)  by  NO  and 


the  rate  coefficient  for  the  excitation  of  the  NO  v -bands  in  the  energy 


intensity  .arbitkahy  units. 
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Figure  34.  Experimental  (light  line)  and  synthetic  (heavy  line)  spectra; 
for  the  NO  y-bands  assuming  a  constant  electronic 


transition  moaenl 
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Figure  35. 


Experiaental  (light  line)  and  synthetic  (heavy  line)  spectrum 
of  tire  NO  -/-bands  using  the  electronic  transition-moment  func¬ 
tion  determinea  in  this  vork .  The  major  remaining  areas  of 
discrepancy  between  the  tvo  spectra  at  260,  276,  294,  ana 
313  nm  result  primarily  from  small  additions  to  the  experi¬ 
mental  spectrum  from  the  0,5  through  0,8  bands  of  the  N2 
Ve jard-Kaplup.  system  which  were  not  included  in  the 
svnthetic  fit. 


:  V 

i'.M 


transfer  reaction. 


The  rapid  vibrational  relaxation  of  N2(A)  ry  molecules 
such  as  C?4,  CF3H,  and  CK^,  with  no  accompanying  electronic  quenching 
(Refs.  7,66)  allows  us  to  alter  the  vibrational  distribution  of  the  N2(A). 
This  maxes  sta te- io-sta te  measurements  possible. 


3. 1.4.1  The  Quenching  of  'h  (A  ,  v1  =  0)  by  NO — Measurements 
of  the  rate  of  removal  of  No  (A)  by  NO  are  -not  so  easy  as  corresponding  mea¬ 
surements  of  1*2  (A)  quenching  by  other  molecules.  Ordinarily,  one  follows 
No (A)  number  density  decays  by  monitoring  the  Vega rd-Kaplan  emission 
(Refs.  7,50,51).  The  extremely  bright  NO  y-band  emission  in  the  same  region 
of  the  spectrum  however,  masks  the  Vegard-Kaplan  bands.  The  y-band  emission 
is  a  sensitive  tracer  of  the  N2(A)  number  density. 


The  differential  equation  describing  the  rate  of  change  in  the  NO(A“3“) 
number  density  with  time  is 

— - -  =  k  [  N  ( A)  ]  [  NO(  X)  j  -  k  [NO( A) ]  (50) 

dt  4o  2  49 

The  NO ( A)  is  in  steady  state  in  the  observation  volume  because  the  lifetime 
of  NO( A)  is  short  compared  to  the  time  a  molecule  resides  within  the  field  of 
view  of  the  detector.  Thus  the  intensity  of  the  y-band  emission  is 

:N0*  =  *49CNC’]  =  *4^VA)HTOJ  151  > 

Open  rearranging  this  equation,  we  relate  the  number  density  of  N2(A)  in  the 
observation  volume  to  the  ratio  of  the  v-band  emission  intensity  and  tne  NO 
number  density: 


[N2(A)  ] 


1  NO* 
k43[NO] 


(52) 


The  differential  equation  describing  the  decay  of  N2(A)  in  the  reactor  is 


d[N?(A) ] 
dt 


-U4SCN03 


k  )  CM  (A)] 
wall  2 


(53) 
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where 


is  th 


where  <Vail 
quenching  in  wal 
several  orders  c 
a s suae d  that  the 


approxima tion }  . 
Eq.  ( 53  )  ,  viz , 


e  first-order  (pressure  dependent)  rate  coefficient  for  N;  A) 
1  collisions.  Because  the  NO  number  density  is  typically 
f  magnitude  greater  than  the  No (A)  nunber  density,  it  can  be 
NO  nunber  density  is  a  constant  (the  pseudo  first-order 
This  approxina tion  leads  to  an  analytical  solution  to 


In 
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where  vs  have  replaced  the  reaction  tine  by  the  ratio  of 
flow  tube  injector  to  observation  volune ,  z,  to  the  bulk 
the  reactor,  v.  Inserting  Eq.  (52)  into  Eq.  (54)  gives 


the  distance  fron 
flow  velocity,  in 


Zn 


W 7 15,01 

1°  ./WOJ° 

NO 


-|k43[N°]  *  Wi 


z/v 


(55) 


Equation  (53)  shows  that  neasureaents  of  the  logarithm  of  the  ratio  of  y-band 

intensity  to  NO  number  density  as  a  function  of  NO  number  density  but  with 
fixed  reaction  tine  will  give  a  linear  relationship  with  a  slope  of  -k^a  z/v. 
Such  measurements  at  several  different  reaction  distances,  under  otherwise 
constant  conditions  of  pressure,  temperature,  total  flow  rate,  etc.,  will 
correct  for  nonir.stantaneous  mixing  at  the  injector.  The  results  must  further 
be  corrected  by  a  factor  of  (0.62) -1  to  correct  for  the  coupling  of  a  radial 
density  gradient  in  NjtA)  nunber  density  with  a  parabolic  velocity  profile 
(Refs.  99-106). 


As  shewn  previously  (?.ef.  50)  rate  coefficients  measured  using  a  tracer 
can  be  seriously  in  error  if  the  tracer  is  sensitive  to  several  different 
N'2(A)  vibrational  levels,  each  of  which  quenches  at  significantly  different 
rates,  the  N2(A)  vibrational  distribution  has  been  relaxed  to  only  v1  =  0. 
CFgH,  CF 4,  and  CH4  all  were  used  to  relax  N2<A)  to  v1  *  0.  As  expected,  the 
results  were  invariant  with  relaxation  partner. 


Figure  3d  shows  a  plot  or  the  ratio  of  the  natural  log  of  the  '(-band 


intensity  to  the  N’O  number  density  as  a  function  of  the  NC  number  density  for 


several  different  distances  between  the  injector  and  observation  volume.  The 


linearity  of  these  plots  is  quite  good,  extending  over  more  than  two  orders  o 


magnitude.  Figure  37  snows  a  plot  of  the  slopes  of  the  lines  in  Fig.  36  ar.d 


two  other  sets  of  data  not  shewn  plotted  as  a  function  of  the  reaction  time. 


The  slope  of  this  plot,  when  divided  by  the  radial-profile  correction  factor, 


0.62,  gives  the  rate  coefficient  for  quenching  by  NO.  Note  the  nonzero 


intercept,  indicative  of  the  finite  time  required  for  complete  reagent 


mixing. 


A  number  of  experiments  spanning  a  range  in  total  gas  pressures  from  0.7 


to  3.7  torr  and  reaction  times  from  11  to  124  ms,  and  using  several  different 


NO/Ar  gas  mixtures  all  gave  consistent  results  for  the  rate  coefficient  for 


M2(A,  V  =  C)  quenching  by  NO  of  (6.6  ±  0.8)  x  10‘ 


•11  3  .  .  - 1 

1  1  cm~>  mclecuie  s 


quoted  error  estimate  is  one  standard  deviation  in  the  averaging  process.  Th 


total  experimental  uncertainty,  including  estimates  in  the  uncertainties  in 


the  calibrations  of  the  flowmeters,  pressure  gauges,  etc.  is  about  IS  per¬ 
cent.  A  few  decay  measurements  in  which  the  N2(A)  was  not  vibra tionally 
relaxed  gave  decays  only  slightly  larger  (<5  percent)  than  those  measured 
for  the  relaxed  '.’^(A).  It  is  inferred  that  NO  quenches  vibrat ionally  excited 
N 9 ( A )  at  a  rate  similar  to  that  for  quenching  v'  =0. 


le  result  disagrees  markedly  with  Dreyer  and  Perner's  reported  value  cf 


2.3  x  IQ-1 '  cm3  molecule-1  s-1  also  for  v'=0  (Ref.  47).  We  agree  with  the 


recent  result  of  Shibuya  et  al.  (Ref.  107),  (6.9  ±  0.7)  x  10-11  cm13  nolecule- 
s-1,  and  also  quite  well  with  early  measurements  by  Callear  and  Wood 
(Ref.  45),  8.0  x  50-11,  Young  and  St.  John  (Ref.  44),  7.0  x  10"11,  Hill  et  al 
(?.ef.  42),  7.5  x  10“n  and  Piper  (Ref.  43)  at  196  K,  (9  ±  2)  x  10-’1.  Mandel 
and  Swing’s  (Ref.  46),  rate  coefficient,  4.3  x  10-*11  appears  to  be  discordant 


with  the  rest  of  the  literature.  All  the  rate  coefficients  are  in  units  of 


cm-  mclecuie" 1  3- 


3" 1 .  All  measurements  excepting  Dreyer  and  Perner's  used 


tracer  techniques,  and  were  not  state  specific.  As  has  been  pointed  out,  how 


ever,  our  measurements  indicate  that  the  quenching  of  Mt(A)  oy  NC  does  not 


Callear 


j  appear  to  show  a  strong  dependence  on  the  ^(A)  vibrational  level. 

>  and  Wood  ^Ref.  45}  also  reached  this  conclusion  when  they  attempted  to  relax 

i 

•  N2(A)  vibration  with  large  additions  of  helium  to  their  flash  photolysis 

!  system. 

3 .  1  . 4 . 2  The  Excitation  of  )iO(.^Z+ ,  v1  =  0)  by  N't(A^;,,~,  v‘  =  2)  — 
We  have  determined  the  rata  coefficient  for  excitation  of  NO^A^l",  v'  =  0)  by 
measuring  the  increase  in  the  intensity  of  several  bands  originating  from 
NO { A ,  v1  =  0)  as  a  function  of  added  NO  number  density  but  for  constant  N^vA) 
number  density.  If  we  note  that  the  NjtA)  number  density  is  the  intensity  of 
the  Vegard-Kaplan  bands  divided  by  the  Einstein  coefficient  (Ref.  108)  for 
spontaneous  radiation,  we  can  rearrange  Sq.  (51)  to  give  the  working  equation 
for  the  analysis. 


NO 
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VK 


43a  A. 


[NC] 
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One  convenient  feature  of  this  analysis  is  that  the  absolute  calibrations 
for  photon-emission  rate  measurements  of  the  two  intensities  cancel,  and  only 
the  relative  spectral  response  is  important.  Thus,  the  intensity  measurements 
do  not  introduce  significant  potential  sources  of  systematic  error.  In  prac¬ 
tice,  total  Vegard-Kaplan  intensity  was  determined  from  a  spectral  fit  to  the 
whole  band  system.  We  tr.e.n  measured  the  change  in  the  peak  intensity  of  one 
of  the  bands  of  NO(A)  as  a  function  of  added  NO  number  density,  being  careful 
to  keep  added  MO  number  densities  below  the  range  giving  significant  NjiA) 
quenching.  Multiplying  the  peak  intensity  by  a  correction  factor  gave  the 
total  integrated  intensity  under  that  specific  band.  Dividing  the  integrated 
intensity  by  the  appropriate  branching  ratio  (Paragraph  3.1.3)  determined  the 
total  emission  from  NO(A).  Observations  were  made  on  the  0,1,  0,4  and  0,5  v- 
bands.  Under  the  experimental  resolution,  the  1,5  and  1,6  bands  overlap  the 
0,4  and  0,5  v-bands  and,  thus,  contribute  to  the  observed  emission  intensity. 
This  small  contribution  was  subtracted  from  our  data.  All  three  of  the 
observed  v -bands  gave  excitation  rata  coefficients  which  were  identical  within 
experimental  error. 
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Figure  3o  shows  that  the  intensity  of  the  0,1  band  increases  linearly 
with  added  h'O  nunoer  density  in  accord  with  Eq.  (56).  A  number  of  such,  exper- 
iaents  yielded  a  rate  coefficient  for  exciting  NO(A,  v1  =  0)  by  N2(A,  v'  ~  0) 

of  (9.0c2.7)  x  IQ-'1,  cm3  molecule-1  s-1,  where  the  error  bars  represent  the 
total  estiaated  statistical  and  systeaatic  error.  The  aajor  contribution  to 
the  uncertainty  is  in  the  20  percent  uncertainty  quoted  for  the  N2iA)  Einstein 
coefficient  (Ref.  103).  Variations  of  greater  than  a  factor  of  5  in  pressure, 
and  of  acre  than  an  order  of  magnitude  in  h’2(A)  number  density  gave  consistent 
results.  The  distance  was  varied  between  the  NO  injector  and  the  ooservation 
region  to  insure  that  the  NO  was  fully  mixed.  In  addition  using  Xe*  i-  :J2  as 
the  NiiA)  source,  and  using  several  different  NO/Ar  gas  mixtures  did  not 
change  the  results. 

Relatively  high  resolution  scans  over  the  0,6  and  1,7  bands  as  a  function 
of  pressure  between  0.4  and  10  torr  showed  that  the  ratio  of  N0(A,  v1  =  1)  to 
NO ( A ,  v*  =  0)  excitation  by  N2(A,  v'  =  0)  was  0.94  ±  0.06,  Fig.  39.  Spectral 
scans  between  200  and  400  nm  indicated  that  excitation  of  N0(A,  v'  ■  2)  and 
NO ( 3 ,  v'  »  0)  were  both  >  0.003  as  compared  to  N0(A,  v1  =0).  Thus,  the  total 
rate  coefficient  for  NO  excitation  by  N2(A,  v'  =0)  is  (10  r  3)  x  10“ cm3 
molecule  s  '  . 


3 . 1 . 4 . 3  3ta ta- to- 3 ta te  Excitation  of  NO(A,  v1  =  0,1,2)  by 
N 2  ( A ,  v '  =  0,1,2) — A  number  of  spectra  of  the  NO  y-bands  and  h'2  Vegard-rlaplan 
bands  were  scanned  wit.n  fixed  NO  number  density,  but  with  varying  CF^  number 
density  and,  thus,  varying  N2(A)  vibrational  distribution  (Figs.  40  and  41). 
T.ne  total  N2(A)  number  density  changed  little  over  the  series  of  exper  i  cents , 
but  the  vibrational  distribution  changed  from  one  in  which  more  than  half  of 
t.ne  N2(A)  was  vibra  tiona  liy  excited  to  one  in  whch  well  over  30  percent  of  the 
N2( A)  was  in  v1  =>  0.  These  measurements  therefore  tracked  hew  the  NO(A) 
vibrational  distribution  changed  with  changes  in  N2(A)  vibrational  distribu¬ 
tion.  The  observed  intensity  of  a  given  NO(A)  vibrational  level  can  be 
expressed  by 
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where  the  subscribes  on  the  k's  represent  the  vibrational  level  of  the  '.'<2 1 A ' 
and  NG(A),  respectively.  CF^  vibrationaliy  relaxes  N2(A)  in  iv=1  transitions 
and  relaxes  V  >  2  ouch  more  efficiently  than  it  does  v1  =  1  (?.ef.  64).  Thus 
for  small  CF^  additions,  the  v1  =  1  number  density  stays  relatively  constant, 
and  primarily  v 1  >  2  is  quenched.  For  moderate  to  high  amounts  of  vibrationa 
relaxation,  therefore,  only  N2(A)  v‘  =  0  and  1  remain  in  the  reactor  and 
further  relaxation  beyond  that  point  changes  only  the  ratio  of  v1  =  1/v1  =  0; 
thus  £q.  (57)  can  be  simplified  and  rearranged  to  give, 
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The  ratio  of  the  slope  to  intercept  of  the  linear  plot  implied  by  £q.  (53)  wi 

give  the  ratio  of  the  rate  coefficients  k^v/kQV.  Figures  42  and  43  show  that 
this  linear  relationship  does  indeed  obtain.  Using  the  results  for  v*  =  1 
excitation  derived  from  the  moderate-to-high  relaxation  data,  we  can  subtract 
out  the  contribution  to  observed  excitation  from  v'  =  1  for  tne  data  showing 
little  relaxation  and  thereby  probe  contributions  from  v1  >  2.  The  working 
equation  then  becomes 
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Figures  44  and  45  snow  the  linear  relationship  implied  by  this  equation,  and 
the  ratio  of  the  slope  to  intercept  from  these  plots  gives  the  ratio  k^v'^fv 
Because  excitation  of  NCUA,  V  =  2)  and  N0(3,  v'  =•  0)  were  such  minor  enamel 
only  their  contributions  to  the  total  excitation  were  estimated  by  measuring 
the  integrated  intensity  under  the  2,0  gamma  band  and  the  3,7  oeta  banc  m 
several  spectra  in  which  the  N2(A)  was  vibra tionaliy  excited  ani  seven'.  • 
in  which  it  was  relaxed.  Thus,  only  an  excitation  rate  coefficient  . 
for  excited  and  unexcited  N2(A)  for  these  two  states.  Table  ;  1 .  -  *  * 

relative  excitation  rate  coefficients  for  the  state-t 
NO ( A ,  V  =  0,1,2)  and  NO(3,  V  =  0)  by  N2(A,  v’  =  .,1 
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TABLE  8.  State-to-3tate  Relative  Excitation-Rate  Coef f icients . 


n2(a)  V' 

0 

1 

2 

N0(3, 

0 

1» 

0.094  t  0.006 

0.003 

0.0032 

1 

1.11  ±  0.07 

0.22  ±  0.03 

0.024  j 

0.033 

2 

0.29  t  0.07 

0.32  t  0.03 

*1  *  9.0  x  10-11  cm3  molecule-1  s-1 


v*  *  0) 


±  0.0007 


±  0.007 


3. 1.4. 4  Discussion— If  the  energy  transfer  between  N2(A)  and  MO 
proceeds  only  through  exit  channels  of  radiating  NO  states,  then  the  rate 
coefficients  for  N2(A,  v*  ■  0)  quenching  by  NO  (6.6  x  10-11  cm3  molecule-1 
s-1)  and  for  N0(A,3)  excitation  by  N2(A,v'  ■  0)  ( { 1 0 ± 3 )  x  10-11  cm3  molecule-1 
s-1)  ought  to  be  the  same.  The  lack  of  congruency  between  the  two  measure¬ 
ments  i3  somewhat  disturbing,  even  though  they  do  overlap  slightly  at  the 
extreme  limits  cf  their  respective  error  oars.  An  attempt  was  made  to  cross 
check  data  carefully,  and  to  vary  the  experimental  conditions  over  a  fairly 
wide  range  to  find  systematic  trends  which  might  explain  the  discrepancy. 

None  were  found.  The  conclusion,  therefore,  is  that  the  Einstein  coefficient 
for  the  m2(A-X)  transition  is  in  error  by  about  30  percent  (it  should  be 
smaller) . 

The  experimental  determination  of  lifetimes  on  the  order  of  2s  is 
extrsaely  difficult  and  have  manifold  uncertainties.  The  accepted  value  of 
the  Einstein  coefficient  for  the  N2(A-X)  transition  rests  upon  absorption  mea¬ 
surements  by  Shemansky  in  the  vacuum  ultraviolet  (Ref.  108)  and  his  reanalysi3 
(Ref.  109)  of  Carleton  and  Oldenberg's  absorption  measurements  of  N2(A)  in  a 
discharge  (Ref.  110).  His  analysis  requires  a  long  extrapolation  of  the 


transition-moment  function  with  r-centroid  from  the  region  encompassed  by  his 
absorption  measurements  into  the  region  of  r-centroid  sampled  by  the  strong 
transitions  from  the  v1  *  0  level.  He  tied  this  extrapolation  to  the  lifetime 
for  the  v*  -  0  level  derived  from  the  Carleton  and  Oldenberg  reanalysis. 
Carleton  and  Oldenberg  (Ref.  110)  attempted  to  measure  simultaneously  the 
absolute  photon-emission  rate  of  the  0,6  Vegard-Kaplan  band  and  the  absolute 
number  density  v'  *  0  level  of  the  A  state  via  resonance  absorption  on  the  1,0 
transition  of  the  first-positive  system  (M2  B-A) .  Assuming  that  the  experi¬ 
mental  observations  of  Carleton  and  Oldenberg  are  accurate,  and  that 
Shemansky's  re-analysis  of  their  observations  is  correct,  then  their  derived 
lifetime  for  N2(A,  v'  -  0)  depends  directly  upon  the  accuracy  of  the  lifetime 
of  the  v'  ■  1  level  of  N2(3).  While  the  recent  lifetime  measurements  of  Eyler 
and  Pipkin  (Ref.  Ill)  on  tne  radiative  lifetimes  of  M2 ( 3 ,  v'  *  5- 1 2 ) indica te 
that  the  transition  probabilities  of  the  first-positive  system  given  by 
Shemansky  (Ref.  112)  are  essentially  correct  for  v'  >  3,  we  do  not  feel  confi- 
dent  that  Shemansky 's  transition  probabilities  for  the  three  lowest  levels  are 
necessarily  accurate.  The  transition  probabilities  for  these  three  levels 
depend  predominantly  upon  an  extrapolation  of  the  electronic  transition-moment 
function  which  Shemansky  derived  from  relative  intensity  measurements  of  bands 
with  r-centroid  values  between  1.35  and  1.6  A  out  to  r-centroid  values  as 
small  as  1.0.  This  is  generally  a  risky  procedure.  The  recent  ab  initio  cal¬ 
culations  of  the  transition-moment  function  by  Werner  at  al.  (Ref.  113), 

Yeager  and  McXoy  (Ref.  114),  and  Weiner  and  Ohm  (Ref.  115)  all  show  a  much 
slower  increase  in  the  transition  moment  to  smaller  r-centroid  than  is  given 
by  Shemansky's  extrapolation  (Fig.  46).  The  lifetimes  Werner  et  al. ,  calcu¬ 
late  from  their  transition-moment  function  are  consistently  16  percent  larger 
than  the  lifetimes  measured  by  Eyler  and  Pipkin  (Ref.  Ill),  tut  the  relative 
variation  of  their  calculated  lifetimes  with  vibrational  level  matches  that  of 
Eyler  and  Pipkin  quite  well.  They  al3o  match  the  relative  variation  in  the 
lifetimes  measured  by  Jeunehomme  (Ref.  116),  and  by  Carlson  et  al.  (Ref.  117) 
and  those  calculated  from  Shemansky's  transition  probabilities  for  v'  >  4. 

They  deviate  markedly  from  the  experimental  results,  however,  for  the  lowest 
vibrational  levels,  with  the  calculated  lifetimes  of  Werner  et  al. ,  being 
somewhat  longer.  If  we  reduce  the  calculated  lifetimes  of  Werner  et  al.  by 


16  percent  to  cake  then  coincide  with  Eyler  and  Pipkin's  measurements  for  the 
high  vibrational  levels,  a  lifetime  is  obtained  for  v1  *  t  of  N2(B)  of  9.5  as 
in  contrast  to  the  value  of  7.8  ys  which  results  from  Shemansky's  transition 
probabilities.  This  large  a  change  in  the  lifetime  of  the  3  state  will  reduce 
the  transition  probability  for  N2(A,  v‘  “  0)  fro®  Carleton  and  Oldencerg's 
experiment  by  20  percent.  This  reduction  would  then  bring  our  quenching-  and 
excitaticn-rate  measurements  into  reasonable  agreement.  Taking  the  ab  initio 
transition  probabilities  at  face  value  would  result  in  a  Vegard-Kaplan  transi¬ 
tion  probability  about  40  percent  smaller  than  the  currently  accepted  values, 
and  would  bring  the  two  measurements  into  almost  perfect  congruence.  The 
other  theoretical  treatments  agree  with  Werner  et  al.'s  calculations.  The 
lifetime  of  N2(3,  V  -  0)  measured  by  Heidner  et  al.  (Ref.  113)  via  resonance 
fluorescence  is  also  somewhat  larger  than  given  by  Shemansky’s  extrapolation. 

A  reduction  in  the  transition  probability  of  N2(A,v'»0)  state  on  the 
order  of  20-30  percent  would  still  give  a  variation  in  the  absolute  transition 
moment  of  the  A--X  transition  fully  consistent  with  the  absolute  measurements 
of  Shemansky  that  sampled  smaller  values  of  the  r-centroid,  and  the  relative 
transition-moment  measurements  of  Broadfoot  and  Maran  (Ref.  119)  which  sampled 
larger  r-centroid  values,  tnose  sensitive  to  the  Vegard-Kaplan  transitions 
from  v'  =*  0  (Fig.  47).  We  feel  that  good  experimental  measurements  of  the 
relative  transition-moment  variation  of  the  first-positive  system  which  sample 
smaller  values  of  r-centroid  are  imperative  to  clear  up  this  conflict.  This 
will  require  relative  intensity  measurements  extending  out  into  the  infrared 
tO  1.5  yC. 

The  measurements  on  the  vibrational-level  dependence  of  MO  excitation  by 
N2(A)  show  that  N2(A,  v'  -  1)  excites  N0(A,B)  about  25  percent  more  efficient¬ 
ly  than  does  N2(A,  v'»0).  N2(A,  v'-2)  however,  is  somewhat  less  efficient  at 

exciting  NO  transitions.  The  reduction  in  observed  intensity  of  NO ( A , S )  from 
excitation  by  M2(A,  v'  ■  2)  could  result  from  one  of  three  possibilities. 
First,  the  quenching  efficiency  could  be  smaller.  Second,  the  more  highly 
excited  N*2(A)  can  access  higher  lying  levels  of  N0(A,3)  which  might  be  colli- 
3ionaily  coupled  into  other  states  of  NO  which  do  not  radiate  or  emit  oq w5 ide 
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the  spectral  bandpass,  such  as  the  b4Z~  or  a4H  states.  The  third  possibility 
is  that  some  of  the  encounters  between  N2(A,  v'  -  2)  and  no  end  up  dissociat¬ 
ing  the  NO.  Only  vibrational  levels  of  N2(A)  >  2  have  sufficient  energy  to 
dissociate  the  NO.  Atom  production  from  this  interaction  has  not  been 
attempted,  but  such  measurements  would  confirm  this  possibility. 

The  difference  between  the  excitation  rates  of  n2(A,  v'*1)  and 
N 2 1 A ,  v'  *  0)  is  not  sufficiently  great  for  us  to  observe  significant  changes 
in  decay-rate  measurements  involving  vibra tionally  excited  and  unexcited 
n2(A).  Given  a  typical  v'  *  1/v'  -  0  ratio  of  0.6,  we  compute  that  the  effec¬ 
tive  decay  rate  would  increase  by  only  10  percent  when  both  N2(a)  vibrational 
levels  were  present.  Within  experiment  error,  this  3mall  enhancement  is  con¬ 
sistent  with  observations. 
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To  investigate  more  completely  the  energy  disposal  in  the  reaction,  we 
scanned  the  0,6  and  1,7  bands  of  NO(A-X)  under  moderate  resolution 
(A.\  *  0.20  nm)  at  pressures  between  0.4  and  9  torr.  This  resolution  was  ade¬ 
quate  to  resolve  partially  the  rotational  structure.  We  then  adjusted  rota¬ 
tional  temperatures  in  the  fitting  program  until  the  observations  could  be 
monitored.  At  0.4  torr,  Boltzmann  rotational  temperatures  of  1400  K  and  SCO  K 
fit  the  emission  from  v'  ■  0  and  1,  respectively.  At  higher  pressures,  how¬ 
ever,  the  band  contours  were  decidedly  non-Boltzmann.  Collisions  with  the  Ar 
bath  gas  relaxed  the  lower  rotational  levels  much  more  efficiently  than  they 
did  the  higher  rotational  levels.  For  examples,  at  4.0  torr  a  rotational 
temperature  of  SCO  K  fit  region  around  the  heads  of  the  0,6  band  quite  well, 
while  the  high  rotational  levels  which  are  prominent  in  the  short-wavelength 
tail  of  the  band  followed  an  1100  K  Boltzmann  distribution.  Assuming  a  hard- 
sphere  model  with  a  40  collision  cross  section,  we  calculate  that  an 
excited  NO  molecule  will  experience  1.5  collisions  during  a  radiative  lifetime 
at  1  torr.  Thus,  at  0.4  torr  most  of  the  NO(A)  molecules  will  not  experience 
a  collision  prior  to  radiation,  whereas  at  4  torr  they  will  experience  an 
average  of  six  collisions.  Thus,  the  rotational  relaxation  of  NO(A)  by  Ar  is 
a  relatively  efficient  process,  requiring  only  a  few  collisions  to  remove  most 
of  the  rotational  energy.  The  efficient  rotational  relaxation  of  low  J  levels 
of  NO ( A )  by  Ar  and  the  correspondingly  much  smaller  efficiency  for  hign-J 
level  relaxation  has  been  studied  in  some  detail  by  Ebata  et  al.  (Ref.  120). 

The  efficient  transfer  of  vibronic  energy  from  N’2(A)  to  NO  may  occur  by  a 
Franck -Condon  type  of  mechanism.  Deperasinska  et  al.  (Ref.  121)  have  calcu¬ 
lated  Franck-Ccndon  factors  for  the  transitions  relevant  to  the  transfer  of 
energy  from  N2(A,  v'  -  0)  to  NO.  The  Franck-Condon  factors  for  producing 
NO ( A )  are  three  orders  of  magnitude  greater  than  those  for  producing  NC(3), 
which  they  claim  is  reflected  in  the  much  smaller  efficiency  for  producing 
N0(3)  relative  to  NO(A).  Their  calculated  Franck-Condon  factors,  however, 
would  predict  roughly  equal  probabilities  for  producing  vibrational  levels 
v'  -  3  and  1  of  NO(A).  In  contrast,  observations  show  that  NO ( A , V  «0 }  is  pro¬ 
duced  ten  times  more  efficiently  than  NO(A,  v1  *  1).  They  have  not  performed 
the  relevant  Franck-Condon  calculations  for  N2(A,  v'  -  1,  2). 
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The  kinetics  of  the  N2(A)  +  NO  energy  transfer  have  been  studied  by 
several  other  investigators.  Callear  and  Wood  (Ref.  45)  estimated  rate  cc 
ficient  ratios  from  thei  work  of  kgj/kgQ  ■  0.105  in  reasonable  agreement  with 
the  value  of  0.094  t  0.006  and  k^/kio  =  0.53  in  disagreement  with  the  value 
of  0.20  ±  0.03.  Clark  and  Setsar  (Ref.  43)  determined  a  population  ratio  for 
MO ( A ,  V  =■  0,1,2)  of  1.0:0.15:0.014,  respectively,  from  excitation  by  N’2(A) 
with  the  ratio  v*  *  1/v1  «  0  of  0.61.  With  the  same  N2(A)  vibrational  distri¬ 
bution,  we  calculate  an  N0(A)  vibrational  distribution  from  excitation  rate 
coefficients  of  1.0:0.14:0.011,  respectively,  in  excellent  agreement  with 
Clark  and  Setser’s  observations.  More  recently  Golde  and  Moyle  (Ref.  122) 
have  measured  vibrational  distributions  of  N0(A)  from  N2(A)  excitation  cf 
1.00:0.083:0.002  for  excitation  by  N2(A,v'-Q)  and  1.00:0.17.0.025  for  excita¬ 
tion  by  M2(A)  with  a  vibrational  distribution  of  1.00:0.48:0.19:0.14  for 
v*  *  0-3  respectively.  Rate  coefficients  would  predict  an  NO(A)  vibrational 
distribution  of  1.00:0.19:0.013  given  the  same  initial  N2(A)  vibrational  dis¬ 
tribution.  To  make  this  comparison,  it  was  assumed  v*  =2  and  v*  ■  3  had  the 
same  excitation  rates.  Golde  and  Moyle's  data  show  a  7  percent  decrease  in 
total  NO(A)  intensity  for  the  vibrationally  excited  case  whereas  our  results 
would  indicate  that  the  intensities  of  the  NO(A)  produced  from  vibrationally 
excited  and  unexcited  M2(A)  would  be  within  2  percent  of  each  other.  Error 
limits  encompass  a  range  from  a  6  percent  decrease  in  intensity  to  a  3  percent 
increase  with  some  additional  uncertainty  added  by  our  having  treated  N2(A) 
vibrational  levels  2  and  3  the  same.  They  are  therefore  fully  consistent  with 
Golde  and  Moyle's  result. 

3.1.5  Summary-- It  has  been  shown  that  the  transition-moment  variation 
with  r-centroid  for  the  NO(A — X)  transition  is  significant,  especially  for 
transitions  with  larger  changes  in  v.  The  result  of  this  variation  is  that 
the  transition  probabilities  of  the  NO(A — X)  transitions  with  iv  <  -3  are  sub¬ 
stantially  larger  than  had  been  believed  previously.  This  means  that  the 
optical  gain  of  3ome  of  the  redder  of  the  y-band  transitions  will  be  larger 
than  anticipated  (Table  9),  so  that  some  of  these  transitions  will  probably 
have  enough  gain  to  support  laser  oscillation.  The  benefit  of  using  these 
transitions  with  greater  differences  in  vibrational  level  between  the  apper 
ar.d  lower  states  results  both  from  reducing  the  probability  of  lower  state 


TABLE  9.  Revised  Optical  Gain  Predictions  for  NO(A-X)  Transitions. 


Transition 
v  1  ,  v  " 

Wavelength 

(A) 

Normalized  Optical  Gain 

Previous  Prediction 

Present  Results 

0,0 

2269 

0.73 

0 . 66 

0,1 

2370 

1.00 

0.52 

0,3 

2479 

0.78 

0.77 

0,2 

2596 

0.45 

0.49 

0,4 

2722 

0.22 

0.27 

0,5 

2859 

0.10 

0.13 

0,6 

3009 

0.04 

0.06 

0,7 

3112 

0.01 

0.03 

bottlenecking  and  from  working  in  a  region  where  optical  difficulties  are 
less  severe. 

The  measurements  on  the  quenching  of  N2(A)  by  show  that  NO(A)  excita¬ 
tion  is  extremely  efficient  in  this  system,  and  that  the  system  is  scalable  to 
moderate  pressures,  at  which  the  N2(A)  is  predominantly  vibrationally  relaxed, 
without  significant  reduction  in  the  excitation  efficiency.  Indeed,  results 
show  that  some  degree  of  vibrational  relaxation  is  desirable  since  vibrational 
levels  of  N2(AJ  greater  than  or  equal  to  two  excite  NO  less  efficiently  than 
do  the  two  lowest  vibrational  levels. 

3.2  N2'A3ZU+)  ENERGY  POOLING 

3.2.1  Introductlon--Etediaan  and  Setser  (Ref.  123)  first  discovered 
energy  pooling  in  triplet  nitrogen  when  they  observed  that  the  intensity  of 
nitrogen  second-positive,  N2(C3nu  -33 ng )  emission  varied  quadra ticaiiy  with 
the  intensity  of  the  Vegard-Kaplan  emission  in  their  reactor.  They  estimated 
the  rate  coefficient  for  energy  pooling  to  form  N2(C3~U)  -o  be  2.1  x  1G-11  ~a3 
molecule-1  s-1  In  a  series  of  investigations  of  time-resolved  emissions  in  the 
afterglow  of  a  pulsed  nitrogen  discharge.  Hays  et  al.  (Refs.  124-12©)  studied 


NgiA)  energy  pooling  and  determined  rate  coefficients  of  2.6  x  10“ 1 2  for  for¬ 
mation  of  Mg(C3:iu)  (Ref.  126),  0.25  x  19“13  cm3  molecules-1  s “ 1  for  the  forma¬ 
tion  of  N2(C'3nu) ,  and  1.1  x  10-3  cm3  molecule-1  s-1  for  the  formation  of 
>1 2 ( 3 3 g )  (Ref.  125).  In  the  case  of  the  latter  state,  one  would  have  to 
assume  that  their  number  was  a  lower  bound,  because  their  detection  system 
could  see  only  as  far  as  v*  «  3  of  the  3  state.  Thus,  if  significant  energy 
from  the  pooling  reaction  flowed  into  v'  =  0-2,  the  rate  coefficient  would  be 
somewhat  larger.  Subsequent  work  by  Clark  and  Setser  (Ref.  43)  confirmed  a 
rate  coefficient  of  about  2  x  10-10  cm3  molecule-1  s-1  for  the  production  of 
N2(C3nu)  from  Ng(A32u+)  energy  pooling.  They  were  unable,  however,  to  see  any 
evidence  for  formation  of  the  Ng(C‘3;iu)  state.  Nadler  et  al.  (Ref.  127)  dis¬ 
covered  in  1980  that  the  Herman  Infrared  (HIR)  system  was  populated  by  Ng(A) 
energy  pooling,  and  showed  that  the  distribution  among  the  vibrational  levels 
of  that  state  depended  strongly  upon  the  vibrational  distribution  of  the  Ng(A) 
state  (Ref.  128).  They  estimated  a  lower  limit  for  HIR  formation  of 
2.5  x  10-11  cm3  molecule-1  s-1  which  they  have  subsequently  revised  upwards  to 
7  x  10-11  cm3  molecule-1  s-1  (Ref.  126).  They  also  showed  that  some  produc¬ 
tion  of  the  3  stats  did  indeed  occur,  but  were  unable  to  estimate  the  rate 
coefficient  of  3  state  formation  because  of  that  state's  rapid  quenching  by 
nitrogen  and  argon.  Nadlsr  and  Rosenwak3  (Ref.  129)  have  also  shown  recently 
that  the  vibrational  distribution  of  Mg(C3nu)  forced  by  energy  pooling  also 
changes  as  a  function  of  the  Mg (A)  vibrational  distribution,  but  that  the 
total  excitation  rate  of  the  C  state  appears  to  be  independent  of  the  vibra¬ 
tional  distribution  of  Mg(A) . 

Unpublished  observations  at  PSI  in  the  near  infrared  recorded  the  HIR 
system  in  M2(A)  energy  pooling,  but  failed  to  detect  significant  populations 
of  Mg ( 3 )  (Ref.  130).  There  is  reason  to  be  skeptical  of  the  magnitude  of  the 
pooling  rate  coefficient  which  Hays  and  Oskam  claimed  made  Ng ( B ) .  The  work  of 
Nadler  et  al.  also  showed  convincingly  that  HIR  production  had  to  be  similar 
in  magnitude  to  the  production  of  Ng(3).  Thus,  the  present  investigations 
wera  motivated  in  part  by  the  desire  to  reconcile  the  conflict  between  Hays 
•and  Oskam’s  report,  and  the  observations  of  Madler  et  al.  and  our  own.  We 
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have  investigated  energy  pooling  in  some  detail  and  have  been  acle  to  deter¬ 
mine  vibra tional-level-specif ic  rate  coefficients  for  formation  of  H2(CJ:TU1 
V  *  0-4),  V  =  1-12),  and  HIR  v*  =  2,3  by  N2(A3IU+,  V  =  0-2). 

3.2.2  Experimental --Paragraph  3.1.2  describes  apparatus  and  general 
operating  procedures  in  some  detail.  Thus,  only  a  brief  summary  will  be  given 
here.  The  studies  all  involved  measuring  spectra  of  the  Vegard-Kaplan,  first- 
and  second-positive  and  HIR  systems  of  molecular  nitrogen  in  a  flowing  after¬ 
glow  apparatus.  The  N2(A)  is  produced  cleanly  in  the  apparatus  in  the  energy 
transfer  reaction  between  argon  and  xenon  metastables  and  molecular  nitrogen 
(Refs.  61,62).  A  hollow-cathode  discharge  produces  the  rare  gas  metastables. 
The  electrode  has  been  fabricated  from  aluminum  shim,  but  for  some  of  the 
studies  hare,  a  0.002-thick-tantalum  shim  was  used  as  the  electrode  material. 
The  tantalum  electrodes  gave  about  30  percent  more  metastabies  and  operated 
better  at  high  pressures.  The  energy  transfer  reaction  between  metastable 
xenon  and  nitrogen  produces  M2(33:ig,  v*  «;  5  (Ref.  63).  This  eliminates  the 
possibility  of  contamination  of  the  results  on  N2(C)  and  the  higher  vibra¬ 
tional  levels  of  N2(B)  by  scattered  light  from  the  rare-gas-me tastable/ 
nitrogen  mixing  region.  The  HIR  system  was  studied  at  relatively  high  pres¬ 
sures  (>  6  torr)  with  high  partial  pressures  of  nitrogen  ( 1  to  2  torr)  in  the 
reactor.  This  procedure  virtually  eliminated  overlapping  of  tne  HIR  system  by 
the  first-positive  system.  The  consequence  of  this  procedure,  howevar,  was 
that  the  high  partial  pressures  of  nitrogen  relaxed  the  " 2(A)  vibration  to 
>  95  percent  v*  =0,1,  and  thus  the  effects  of  higher  vibrational  levels  could 
not  be  studied  easily.  The  nitrogen  3-state  studies  used  a  neon  carrier  gas 
to  reduce  electronic  quenching  (Refs.  131-133).  Extrapolating  measured  popu¬ 
lations  to  zero  nitrogen  pressure  eliminated  most  significant  quenching. 

All  spectra  were  fit  by  a  least-squares  computer  program  which  determined 
the  populations  of  ail  emitting  states  in  the  region  of  spectral  coverage. 

This  procedure  eliminates  the  uncertainties  introduced  by  overlapping  spectral 
bands.  Because  the  HIR  system  is  unassigned,  one  cannot  a  priori  generate  a 
synthetic  spectrum  for  this  system.  Therefore,  experimental  spectra  (taken  at 
high  pressures  for  the  basis  sets  in  the  synthetic  fits)  was  used.  Secause 
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N2(A,  V  =*  0)  energy  pooling  produces  only  V  =  3  of  the  HIR  system,  a  basis 
set  for  that  state  could  be  generated  cleanly.  When  only  v'  =  0  and  1  of 
.V2(A)  are  present,  only  v'  =  3  and  2  of  the  HIR  system  are  produced.  Thus,  a 
fitting  basis  set  vas  generated  for  v1  =  2  of  the  HIR  system  by  substracting 
out  the  previously  determined  v'  =  3  components  from  a  spectrum  containing  the 
two  levels  together.  These  basis  sets  were  then  used  in  analyzing  the  spectra 
containing  U2(3)  to  eliminate  confusion  from  HIR  overlap.  Energy  pooling  of 
higher  vibrational  levels  of  N2( A)  do  produce  the  two  lowest  vibrational  lev¬ 
els  of  the  HIR  system.  This  only  confuses  the  fitting  of  the  fv  =  2  sequence 
of  the  first-positive  system,  and  we  were  able  to  work  around  it. 


The  data  analysis  requires  the  measurement  of  absolute  photon-emission 
rates  in  the  reactor.  Subsection  2.4.2  describes  these  calibration  procedures 
in  detail.  In  the  case  of  the  energy  pooling  reactions,  the  N2(A)  and  the 
N2  ( C ,  3 ,  HIR)  have  radial  density  gradients  which  are  different.  The  N'2(A) 
radial  density  gradient  follows  the  form  of  a  Bessel  function  of  first  order, 


f  N  ( A)  1  f  rl 


(60) 


where  [N2(A)]0  is  the  centerline  number  density,  rQ  is  the  flow  tube  radius, 
and  X  =  2.405,  the  first  zero  of  JQ(x).  The  field  of  view  of  the  detector  is 
essentially  a  rectangular  parallel  piped  across  the  center  of  the  tube  with 
height,  h,  width,  z,  and  length,  2r0  (Fig.  48).  It  was  assumed  that  variation 
down  the  axis  of  the  flew  tube,  across  the  field  of  view,  could  be  neglected. 
The  average  number  density  of  N’2(A)  observed  in  the  field  of  view  is  then 
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where  [M2(A)]Q  is  the  N2(A)  number  density  in  the  center 
When  r  is  less  than  or  equal  to  h/2 ,  0  will  equal  tt;  but 
greater  than  h/2,  '  will  be  given  by  sin_1(h/2r).  Thus, 
Eq.  (61)  becomes  a  sum  of  two  integrals,  one  between  the 
the  other  runnit:  from  h/2  to  rG •  For  t.-.e  conditions  of 


of  the  flow  tube, 
when  r  becomes 
each  integral  in 
limits  of  3  and  h/2, 
rn  “  2. S  cm  and 


h  *  1  cm,  numerical  integration  gives 


Finally,  using  Eq.  (62)  for  [N2(A)]0,  we  find  that 


<[N2(C,B,HIR)]>  =  1.267  it*  <[N2(A)  ]>2 


(65) 


This  correction  oust  be  nade  to  the  data  on  energy  pooling  to  extract  rate 
coefficients.  This  correction  factor  increases  as  the  ratio  h/r  increases 
beyond  unity,  reacting  a  aaxiaun  value  of  1.446  when  h/r  equals  two 
(Fig.  49). 


Figure  43.  Variation  in  the  correction  factor  for  energy  pooling 
aeasureaents  with  the  ratio  h/r. 


3.2.3  N’?(C^,.,  v1  ■  3-4)  foraation  in  N?(  v1  m  0-2)  energy 

pooling — The  processes  controlling  the  formation  and  destruction  of  N'2(C)  in 


the  energy  pooling  system  are: 
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where  the  superscript  v  denotes  the  vibrational  level  cf  the  N2(C)  product 
molecule,  the  subscript  Vs  denote  the  vibrational  levels  of  the  N’2(A)  mole¬ 
cules,  and  kra(j  is  the  radiative  decay  rate  of  h’2(C).  The  lifetime  of  *.'2(C) 
is  sufficiently  short  tnat  electronic  quenching  of  that  state  (Ref.  36)  may  be 
ignored.  3ecause  of  its  short  radiative  lifetime,  h’2(C)  is  in  steady  state  in 
the  reactor  so  that  its  formation  and  decay  rates  can  be  equated.  Thus,  we 
have 
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Tor  the  case  of  only  one  vibrational  level  of  N2(A),  Eq.  (66)  collapses  to  a 
single  term  for  which  the  U 2 ^ ^  number  density  varies  linearly  with  the  square 
of  trie  U2(A)  number  density.  The  slope  will  equal  the  ratio  of  the  energy¬ 
pooling  rate  coefficient  to  the  radiative-decay  r3te  of  N2(C). 


Figures  50  and  51  show  representative  spectra  of  the  220  to  400  nm  region 
which  encompasses  most  of  the  major  emissions  in  the  N2(A-X)  and  N2(C-3)  sys¬ 
tems.  Comparison  of  the  two  figures  shows  how  strongly  the  N2(C)  intensity 
varies  with  the  N2(A)  intensity.  Figures  52  through  56  show  plots  of  the 
variation  in  the  number  density  of  N2(c,  v’»0-4),  respectively  as  a  function 
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[N2IA.  v'-O)]2  (1018  molecule"  era'8) 


Figure  56.  Variation  in  the  rmaber  density  of  N’-?(C,  v1  -  4)  as  a  function  of 
the  square  of  tne  nuaber  density  of  M?(A,  v1  ~  0) . 

of  the  square  of  the  .'^(A)  number  density  under  conditions  where  only  v'  »  0 
of  the  A  3tate  was  in  the  reactor. 


If  only  vibrational  levels  of  0  and  i  of  ^(A)  are  present,  Eq.  (66) 
beccnes 
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Dividing  this  equation  through  by  [^(A,  v*  *  0)]2  gives  a  quadratic  equation 
in  the  parameter  iN’giA,  v'  =  DI/i^CA,  v'  ■  0)]: 
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Figures  57  through  61  show  data  plotted  in  this  fashion  for  each  of  tne  Mj(C) 
vibrational  levels  excited  in  the  energy-pooling  reaction.  The  most  interest 
i.ng  thing  these  plots  show  is  the  absence  of  a  significant  quadratic  term. 

The  intercepts  of  the  plots,  of  course,  give  rate  coefficients  that  agree  to 
within  20  percent  with  those  previously  determined  from  studying  just  v‘-0 
pooling.  Table  10  shows  the  results  of  N'2(C)  energy-pooling  studies.  Our 
value  for  the  total  pooling  into  all  vibrational  levels  of  N2(C)  is  about 
70  percent  lower  for  v'-O  pooling  than  previous  studies.43'124,126  Part  of 
this  difference  results  from  the  27  to  45  percent  correction  for  radial 
density  effects  which  have  not  been  included  in  other  flowing  afterglow 
studies.  Applying  our  measured  rate  coefficients  to  Clark,  and  Setter's  3.61 / 
v'-l/v'-O  A  state  distribution  gives  an  overall  rate  coefficient  of 
1.28  x  10" 1,3  cm'  molecule”  ‘  s“ 1  .  This  is  about  half  of  what  they  reported. 
Our  results  indicate  that  their  measurements  may  have  been  contaminated  by 
scattered  light,  and  therefore  too  large  because  they  observed  roughly  equal 
populations  in  :*2  >  -  J  v'-O  and  1  wnereas  for  the  same  N2(A)  vibrational 
distribution  as  they  had,  we  observe  a  ratio  of  v’-0/v’-l  of  0.76.  If 
scattered  light  contamination  is  a  problem,  then  it  will  enhance  l^lC.v'-O) 
more  than  the  other  vibrational  levels. 


3.2.4  KIR  formation  from  N?(A)  energy  pooling — The  KIR  system  was  first 
observed  30  years  ago  by  R.  Herman.134  Subsequent  spectroscopic  work  on  the 
system  has  failed  to  identify  either  the  upper  or  lower  states  in  the 
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Fijure  61.  Variation  in  the  ratio  of  the  number  density  of  M-s(C,  v*  =»  4,'  to 
the  square  of  the  nunber  density  of  N?(A,  v*  «  0)  as  a  function 
of  the  ratio  of  the  number  densities  of  vibrationally  excited 
to  unexcited  IMA). 


TABLE  10.  Rate  Coefficients  for  N2(C3"U)  Formation  from 
N2(A  -  ) Energy  Pooling. 
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Error  bars  represent  2a  statistical  uncertainties. 


transition,  1  -5_1  -*7  although  Hauler  and  Rosenwaks129  have  been  able  to  estab¬ 
lish  an  upper  Hurt  to  the  upper  state  term  energy  of  12.02  eV.  Nailer  and 
Rosenwaks  have  discussed  the  identification  of  the  two  states  and  concluded 
lower  state  sight  be  the  C3i , ,  the  lower  state  of  the  Gaydon-Hernan  Green 
system,  and  that  the  upper  state  was  a  32u  state  which  is  known  only  through 
Michaels'  calculations  (Ref.  138).  Gilmore  disputes  these  identifications, 
however,  and  suggests  C"3nu  and  A,3Ig+  as  the  upper  and  lower  states,  respec¬ 
tively  (Ref.  139). 


Figures  62  and  63  show  the  HIR  system  excited  in  energy  pooling  of  N'2IA, 
v'  -  0)  and  N2lA,  V  =*0,1)  respectively.  The  spectra  were  taken  at  7.5  Torr 
total  pressure  with  a  nitrogen  partial  pressure  of  1.5  torr.  Thus,  nitrogen 
first-positive  emission  is  virtually  absent  from  the  spectrum.  The  ratio  of 
the  HIR  intensity  to  the  square  of  the  N2(A)  number  density  does  not  vary  with 
pressure  (Ref.  127).  Thus  the  state  is  not  quenched  electronically  under  our 
conditions,  and  a  steady-state  analysis  similar  to  that  given  above  for  the 
N2(C)  state  applies  here.  We  write 
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Figure  64  shows  data  for  v'  *  3  of  the  HIR  system  plotted  this  way.  For  these 
studies,  CF^  or  CH^  was  added  to  the  reactor  to  relax  the  N2(A)  vibrational 
energy  to  v'  =  0.  From  the  slope  of  the  plot,  we  find  that  the  rate  coeffi¬ 
cient  for  producing  v'«3  of  the  HIR  system  in  the  energy  pooling  of  two  H2(A, 
v'  *  0)  molecules  is  3.1  x  10-11  cm3  molecule-1  a-1.  Strictly  speaking,  this 
figure  is  a  lower  limit,  because  other  transitions  of  the  HIR  system  from 
v'  »  3  might  appear  outside  the  bandpass  of  the  detection  system.  The  rela¬ 
tive  intensities  observed  of  the  four  bands,  however,  indicate  that  both  sides 
of  the  Condon  parabola  have  been  sampled.  Thus  in  all  probability,  the  major 
emissions  from  v'  ®  3  have  been  observed.  When  the  W2(A)  was  vibra tionally 
excited,  the  ratio  of  the  HIR  v'  -  3  intensity  to  the  square  of  the  N2(A, 
v'  »  3)  number  density  remains  constant.  Thus,  vibra tionally  excited  N2(A) 
appears  not  to  play  3ny  role  in  exciting  v'  *>  3  from  energy  pooling. 
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Figure  64.  Variation  in  the  number  density  of  N?(HIR,  v1  =3 )  as  a  function  of 
the  square  of  the  number  density  of  No (A.  v'=0). 


Under  conditions  where  only  v'  =  0  and  1  of  the  N2(A)  are  present  emis¬ 
sion  froo  v'  *  2  of  the  HIR  system  is  seen.  The  lower  two  vibrational  levels 
of  the  HIR  system  appear  only  when  the  number  densities  of  v1  =  2  and  3  of  th 
N 2 ( A )  become  important.  The  HIR  v‘  =2  data  can  be  analyzed  in  a  similar 
fashion  to  our  analysis  for  vibrational  effects  in  N’2(C)  production,  but  sine 
it  is  already  known  that  two  v'  *  0  molecules  do  not  pool  to  make  an  HIR 
v'  =2  molecule,  the  first  term  in  the  equation  can  be  eliminated.  Thus, 
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stuciec.  '.eon  is  a  wesx.  quencher  or  »2(3),  so  that  under  conditions  where  the 
number  tensities  0:  argon,  xenon,  and  nitrogen  are  minimized,  the  observed  3  state 
populations  are  tuny  representative  of  nascent  distributions .  The  best  visits 
of  'o  vA'  resulted  when  both  argon  and  xenon  were  discharged  along  with  the  neon. 
The  nitrogen  was  acted  town  stream  iron  the  discharge  as  usual.  Fairlv  modest 
argon  flow  rates  {*150  unci  3“ 1  in  a  total  flow  of  3500  unoi  s”’)  gave  ade¬ 
quate  N^IA)  production,  so  that  the  nunber  density  of  argon  was  well  below 
that  which  would  produce  noticeable  quenching  effects.  Nitrogen  was  still  a 
significant  quencher,  so  its  quenching  effects  were  experimentally  determined 
by  repeatedly  scanning  at  successively  lower  nitrogen  flow  rates.  Modifying 
Eq.  (63)  to  reflect  3  state  formation  by  N 2 ( A ,  v*  =  0)  only  and  quenching  of 
the  3  state  by  molecular  nitrogen  gives: 
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Rearranging  this  equation  shows  that  the  ratio  of  the  square  of  the  A  state 
number  density  to  the  3  state  number  density  will  vary  linearly  with  the 
number  density  of  the  added  nitrogen: 
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Figures  66  and  67  show  spectra  of  the  region  between  500  and  350  nm  with 
ni  .roce.n  partial  pressures  of  0.46  and  0.027  torr,  respectively.  Clearly,  the 
first-positive  bands  increase  strongly  with  the  reduced  nitrogen  partial  pres¬ 
sures.  Figures  53  through  71  show  data  on  the  formation  of  the  3  state  from 
the  pooling  of  A,  v1  *  0)  plotted  according  to  Eq.  (75).  From  these  plots 
and  similar  ones  for  the  other  vibrational  levels  studied,  we.  obtained  both 
rate  coefficients  for  3  state  formation  from  energy  pooling  and  rate  coeffi¬ 
cients  for  quenching  ( B  i  by  molecular  nitrogen.  The  bulx  of  the  experiments 
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systems  excited  in  the  energy  oooling  of  >b(A,  V  =  J)  for  a 


8  • 


pooling  of  : 


nitrogen  partial  pressure  of  0.027  torr.  The  experiments 
spectrum  is  the  light  line  while  the  heavy  line  shows  the 
synthetic  best  fit  to  the  spectrum. 


were  at  3.0  torr  total  pressure,  but  scans  at  1.5  and  6  torr  gave  siti.ar 
vibrational  distributions ,  and  similar  ratios  of  3  state  number  density  to  the 
square  of  the  A  state  number  density  as  the  data  just  discussed  (Fig.  72). 
Thus,  at  the  lowest  nitrogen  partial  pressures  studied,  ^(3)  quenching  by  the 
neon,  argon,  xenon,  and  CH.  in  the  reactor  did  not  appear  to  be  significant. 
Therefore,  a  study  was  made  of  the  variations  in  3  state  formation  from  the 
energy  pooling  of  vibrationaliy  excited  ^(A)  under  conditions  comparable  to 
those  producing  the  minimum  3  state  quenching  observed  in  the  N’gtA,  v1  =  C) 
s  tudies . 
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Figure  72.  Variation  in  ?M  3 ,  v)  excited  from  energy  pooling  of  Nh(A,  v'=0) 


with  neon  pressure. 


For  these  studies,  the  system  was  considered  to  be  essentially  two  vibra¬ 
tional  levels  of  NhvA),  i.e.,  v'  =  3  and  v'  >  0.  An  analysis  similar  to  that 
given  aoove  foe  the  h'-iC)  state  gives 
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(76) 


where  we  have  corrected  only  for  molecular-nitrogen  quenching  (~  10  percent 
effect).  2uenching-rate  coefficients  determined  in  the  14  2  ^ A »  v*  “  3)  stu  iies 
were  used.  Figures  "3  through  75  show  how  the  spectrum  between  550  and  .00  run 
changes  as  the  degree  cf  vibrational  excitation  in  the  h’2  hi)  changes.  Figures  7 
through  7S  shew  several  different  3  state  vibrational  levels  plotted  according 
to  Eq.  (76).  7 he  intercepts  of  these  plots  gave  results  within  10  percent  of 

these  v*  »  0  results.  These  results  also  show  that  the  pooling  between  a 


■  0  and  a  v*  >  0  is  somewhat  faster  than  the  pooling  between  two  v1 


molecules  or  between  two  v*  >  0  molecules.  Table  12  summarizes  the  rate  coef¬ 
ficients  measured. 


3.2.6  Discussion  of  energy-pooling  results — Examination  of  the  data 
shows  several  interesting  results.  Close  to  half  of  the  3  state  formation 
arises  as  a  result  of  radiative  cascade  out  of  N'2(C).  Furthermore,  summing  up 
the  rate  coefficients  for  energy  pooling  into  all  three  observed  electronic 


states  gives  a  value  of  3.C  ana  4.7  x  10 


n-10 


cm  molecule 


tor  ene; 


pooling  cf  two  N'2lA,  v'  *  0)  and  of  N2(A,  v'  =  0)  +  N2(A,  v'  =*  1),  respec¬ 
tively.  These  numbers  represent  a  lower  limit  to  the  total  energy  pooling 
rate  coefficient,  because  dark  states  might  be  involved,  and  al3o  because  we 
have  not  been  able  to  evaluate  the  contributions  of  H2(3,  V  *  0)  formation. 
Since  vibrational  levels  1  through  8  are  all  formed  at  least  50  percent  by 
radiative  cascade  from  the  C  3tate,  we  would  expect  N2(3,  v1  =■  0)  to  follow 


SUi! 


his  would  raise  the  total  pooling  rate  coefficient  by  less  than 


10  cercent.  The  formation  of  dark  states  cannot  readily  be  assessed.  A 
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available,  most  notably  the  wJiu  and  S'  Jzu  states.  We  do  see  the  5-1  sand  of 


the  3 '-3  system  at  525  nn.  In  addition,  a  small  amount  of  emission  has  been 


seen  in  the  140  to  130  nm  region  which  is  probably  from  the  Lyman-3irge- 


Hopfieid  system,  but  the  intensities  are  much  too  weak  to  resolve  for  an 


adequate  identification.  The  singlet  states  would  not  be  expected  to  form  a 


significant  exit  channel  even  though  their  radiative  lifetime  is  long,  which 


will  in  itself  diminish  the  observed  intensities  of  an  otherwise  strong  exit 


channel. 


Clearly,  the  Hays  and  Oskam  result  for  the  formation  of  Ng^3*  is  i^cor- 
.  Their  studies  were  performed  in  the  afterglow  of  a  pulsed  discharge  of 


nitrogen.  A  number  of  metastable  species  in  addition  to  N^lA)  will  persist  in 
the  afterglow  of  a  nitrogen  discharge,  and  we  expect  that  one  of  these  other 


metastables  is  responsible  for  Hays  and  Oskam' s  observations.  This  hypothesis 


was  tasted  briefly  by  diverting  the  nitrogen  flow  in  our  reactor  to  mix  with 


the  main  argon  flow  upstream  from  the  discharge.  Figure  79  shows  the  result 
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Figure  79. 


Spectra  of  HIP.  •/'  »  3  and  N-  first-positive  systems  when  the 
N'?(A)  is  formed  by  direct  discharge  of  the  Ns  with  the  acgon 
and  when  it  13  formed  in  the  conventional  manner  by  adding 
the  'J-.  downstream  from  the  discharge. 


graphically.  While  dischar ging  the  nitrogen  with  the  argon  increased  the 
NiiA)  number  density  in  the  observation  region  by  about  a  factor  of  3,  the 
populations  of  the  hhtB)  vibrational  levels  grew  by  a  factor  of  70.  The 
KIR  3,1  cand  which  is  relatively  free  from  first-positive  overlap,  and  which 
is  a  good  coni  tor  of  the  increase  in  A  state  pooling,  grew  by  only  a  factor  of 
9  as  would  be  expected.  Me tas table  h^ia'1^-)  molecules  are  forced  in  the 
discharge  (Refs.  65,140),  and  do  have  enough  energy  to  excite  N^O),  but  they 
were  not  responsible  for  ^(B)  formation.  Adding  ho  downstream  from  the  dis¬ 
charge,  but  upstream  from  the  observation  region,  completely  eliminated  N'g  ( a 1  j 
emission  at  171  nm  but  reduced  the  3  state  emission  by  less  than  15  percent. 
Other  alternatives  are  being  considered  to  the  precursor  of  the  enhanced  3 
state  emission. 


Table  13  lists  the  rata  coefficients  for  electronic  quenching  of  N'o'S.v1) 
determined  in  this  study  along  with  several  other  sets  of  values  in  the  liter¬ 
ature,  Agreement  with  the  measurements  of  Mitchell  (Ref.  141)  and  of 
Shemansky  (Ref.  142),  both  of  whom  excited  h’2(3,v)  by  electron  impact,  is  fair 
as  is  agreement  with  Gartner  and  Thrush’s  (Refs.  143,144)  measurements  in  a 
recombining  NT-atom  afterglow.  Agreement  with  Becker  et  al.'s  (Ref.  145) 
afterglow  observations  and  the  kinetic  absorption  spectroscopy  determination 
of  Greyer  3nd  Perner  (Ref.  146)  following  excitation  of  nitrogen  by  relativis¬ 
tic  electrons  is  not  good.  These  numbers  are  effective  two-body  quenching 
rata  coefficients.  The  actual  processes  involved  are  much  more  complex.  The 
3J7.a  state  of  nitrogen  is  coupled  collisionally  into  a  number  of  other  nested 
electronic  states  including  the  A^IU+,  3'3ZU~,  W3iu,  and  perhaps  various 
states  of  the  singlet  manifold  including  X^Zg+  (Refs.  131-133,143,147,146). 
Thus  the  quenching  is  actually  a  complex  process  which  involves  transferring 
energy  back  and  forth  between  the  various  states  involved.  Saaeghi  and  Setser 
(Refs.  131,  132)  and  Rotem  et  al.  (Refs.  133,147,146)  have  demonstrated  this 
coupling  between  the  states  unequivocally.  These  groups  have  excited  specific 
vibrational  levels  of  the  S'3";,-  state  by  laser  pumping  A-f.j^-state  molecules. 
Subsequent  to  the  laser  pumping  they  observe  emission  from  3 ' ta  te  levels, 


and  lower  vibrational  levels  of  the  state,  as  well  as  pressure-dependent, 

mult '.exponential  d  ecays  of  me  fluorescence  from  the  initially  populated 
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The  following  reactions  describe  the  model: 

k 

M  ( A)  -  N"  (A)  +P  S  (3)  +  S,(X)  (77) 
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have  assumed  W  as  the  reservoir  state.  This  set 

of  equations  defines 

owing  rates: 
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The  rate  of  formation  oc  state  w  is 


R_[3i  -  R  +  R  [Wj 
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Under  steady-state  conditions  we  obtain 
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The  rate  of  formation  of  state  3  is 
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Under  steady-state  conditions,  with  the  inclusion  of  Eq.  (39),  Eq.  (90) 
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The  two-state  coupling  model  cf  Yardley  explains  bi-exponential  decay  of  state 
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Under  conditions  such  that  Xj  >>  X2  the  following  expressions  apply: 
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Combining  Eqs .  O')  and  (94)  gives 
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Applying  expression  (95)  for  \2  gives 
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This  expression  has  a  fora  siailar  to  Eq.  (75)  which  describes  the  quenching  o 
N2(3).  The  product  of  the  ratio  of  the  factor  multiplied  by  ?  to  the  constant 
term  in  Eq.  (97)  tines  k„3  gives  the  effective  rate  coefficient  for  quenching, 
based  upon  rates  deterained  experimentally  from  the  laser-pumping  experiments, 
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Rotes  and  Rosenvaks  (Ref.  133)  studied  vibrational-level  dependent  decays  as  a 


function  of  nitrogen  pressure 
decaying  component  is 


Che  effective  rate  coefficient  of  their  slowly 
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(98)  to  give 
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We  list  values  of  kge‘:  based  upon  their  measurements  of  ks  and  <  in  Table  13. 
We  used  the  radiative  lifetimes  of  N 2 (3)  and  h’2(W)  jcalculated  by  ’.serr.er 

ft  ' 


et  al.  (Ref.  113)]  were  used  to  derive  the  kgef*  values  listed 


The  caiciiatio 


assumes  that  the  coupling  is  with  the  vibrational  level  of  tne  wJiu  state  who c 
is  closest  in  enercy  resonance  to  the  vibrational  level  of  3^7,  considered. 
Clearly  this  approximation  is  somewhat  simplistic  and  may  account  for  tne 
rather  mediocre  agreement  between  the  measured,  effective  quenching  rate  coef¬ 
ficients,  and  those  we  calculate  based  upon  the  two-state  coupling  model  and 
Rotem  and  Rosenwaks*  experimental  results.  Under  the  circumstances,  per. naps  a 
factor  of  2  to  3  agreement  is  acceptable.  The  coupling  is  probably  too  compie 
to  be  explained  either  by  an  effective  quenching  rate  coefficient,  or  oy  only 
two  state  model. 

The  microscopic  details  of  the  quenching  processes  strongly  depend  upon 
the  quenching  partner.  Nitrogen  appears  to  quench  electronic  energy  out  of  a 1 
levels  at  roughly  comparable  rates  (Ref.  150).  Argon,  on  the  other  hand,  is 
much  less  efficient  than  nitrogen  at  quenching  3^Hg  manifold  electronically, 
but  it  rather  efficiently  alters  the  vibrational  distribution.  Figure  30 
demonstrates  this  point  dramatically.  The  spectrum  in  Fig.  30a,  for  which  the 
nitrogen  partial  pressure  is  0.21  torr,  shows  fairly  strong  first-positive 
band  attenuation  relative  to  the  unquenched  HIP.  band  at  703  nm.  The  vibra¬ 
tional  distribution,  however,  is  quite  similar  to  that  in  Fig,  73  which  was 
taken  under  conditions  cc  sufficiently  low  nitrogen  partial  pressure  that 
electronic  quenching  is  minimal.  Figure  30b  shows  that  reducing  the  nitrogen 
partial  pressure  sc  as  to  eliminate  N2  quenching  effects  results  in  a  much 
stronger  first-positive  system  intensity.  In  argon,  however,  the  vibrational- 
level  distribution  is  drastically  altered.  Raising  the  argon  pressure 
farmer,  as  shown  m  Figs.  £0c  and  d,  does  result  in  some  reduction  in  the 
first-positive  system  intensity,  but  more  noticeable  is  the  continual  shifting 
of  the  vibrational  distribution.  Especially  interesting  in  Fig.  80d,  whicn  is 
in  10  torr  of  argon,  is  that  the  vibrational  distribution  appears  to  hang  up 
in  V  =  3.  The  apparent  electronic  quenching  by  argon  in  Fig.  3Cc  and  d  com¬ 
pared  to  Fig.  3Cb  might  result  only  from  shifting  the  population  into 

vibrational  levels  v*  »  0-2  which  do  not  emit  in  the  spectral  region  observed. 
Tne  observations  would  have  to  be  extended  into  the  infrared  to  clarify  tnis 
point.  Clearly  No ( 3- 7C)  quenching  is  an  extremely  complex  process,  and  simple 
models  such  as  implied  by  Eq.  (751  or  even  Eq .  OS)  are  not  completely 


3.3  ACTIVE  NITROGEN  EXCITATION  OF  IF 


3.3.1  Introduction — Two  years  ago  it  w as  observed  that  adding  iodine 
aonofiuoride  to  a  stream  of  active  nitrogen  resulted  in  strong  excitation  of 
I F ( )  (Ref.  6).  The  effective  excitation  rate  of  the  IF(3)  appeared  to 
correlate  with  the  nuaber  density  of  NjO'lTg)  in  the  observation  cone.  The 
N2(3)  could  be  ruled  out  as  the  precursor  of  the  IF(3)  excitation,  however, 
because  an  excitation  rate  coefficient  several  orders  of  magnitude  greater 
than  gas  kinetic  would  have  been  required  to  explain  the  magnitude  of  the 
IF(3)  fluorescence  observed.  The  N2(3)  appeared  to  act  as  a  tracer  of  a  dark 
species  which  itself  was  responsiole  for  the  excitation.  The  exci ta ticn-ra te 
measurements  indicated  that  the  product  of  the  excitation-rate  coefficient  and 
the  number  density  of  the  exciting  species  was  approximately  1  s-1.  This 
implies  that  the  number  density  of  the  exciting  species  is  at  least  lO1^  mole¬ 
cule  cm-J,  given  that  the  maximum  expected  excitation  rate  coefficient  is 
roughly  10-13  cm-3  molecule-1  s-1.  Various  arguments  indicated  that  most  of 
the  common  metastables  in  the  active  nitrogen  flow,  such  as  N'(~D,^?), 

.V2(a1-j),  Ngfa'^j-),  N2(  A3Zu+)  ,  and  N2(w3a,u),  were  all  present  in  too  low  a 
concentration  to  ce  responsible  for  the  excitation,  or  else  varied  in  number 
density  with  changes  in  conditions  in  a  fashion  incompatible  with  the  observed 
changes  in  IF(S)  excitation  rate.  It  was  concluded,  therefore,  that  the  most 
likely  species  in  the  reactor  responsible  for  the  excitation  was  ground- 
electronic-state,  molecular  nitrogen  in  relatively  high  vibrational  levels. 
Observations  would,  therefore,  be  classified  as  observations  of  vibraticnal- 
to-eiectronic  (V-E)  energy  transfer.  Several  cases  of  this  phenomenon  exist 
in  the  literature  (Refs.  151-153). 


The  observations  of  fairly  large  nuaber  densities  of  N2(3)  were  inter¬ 
esting  in  that  the  the  vibrational  distribution  and  intensity  of  the  observed 
first  positive  bands  were  incompatible  with  formation  from  N-atom  recombina¬ 
tion.  One  indication  of  this  is  that  adding  molecules  like  02,  CO,  and  C02 
drastically  reduced  the  f irst-positive  intensity,  by  more  than  an  order  of 
magnitude.  O'nder  the  conditions  of  our  experiments,  however,  none  of  these 
molecules  reacts  at  any  significant  rate  with  atomic  nitrogen.  Thus  the 


reduction  in  intensity  was  not  a  result  of  N'-atom  removal.  Furthermore ,  the 
residual  first-positive  intensities  did  begin  to  show  the  spectral  distribu¬ 
tion  characteristic  of  the  H-atom-racombination-proauced,  Lewis-Rayleigh 
afterglow.  Since  these  measurements  were  all  made  10  to  20  ms  downstream  from 


the  exciting  discharge. 


:me  species  in  the  active  nitrogen,  with  a  lifetime 


against  quenching  and  radiation  in  excess  of  tens  of  milliseconds,  must  be 
collisior.ally  coupled  to  the  N'2(3)  (and  upon  addition  of  IF,  the  17(3))  in  the 
observation  volume.  The  contention  again  was  that  this  collisior.al  coupling 
is  effected  through  high  vibrational  levels  of  the  ground-electronic  state  of 
molecular  nitrogen.  The  kinetics  of  these  coupling  processes  are  discussed  in 
some  detail  in  Refs.  154,1  55. 


The  purpose  of  this  task  was  to  try  to  quantify  our  observations  more 
carefully  than  in  the  past,  and  to  try  to  provide  some  additional  support  for 
the  contention  that  ^(v)  was  the  energetic  species  responsible  for  the  IF 
excitation.  Some  time  was  spent:  trying  to  develop  a  relatively  clean  source 
of  h'2(v)  which  would  have  reduced  number  densities  of  nitrogen  atoms  and  vari¬ 
ous  atomic  and  molecular  metastables;  trying  to  implement  and  characterize  a 
diagncstic  for  vibra tionally  excited  nitrogen  in  the  flow  reactor,  and  addi¬ 
tionally  to  study  more  fully  the  transfer  of  energy  between  active  nitrogen 
and  IF. 


2.3.2  Develooment  of  N'-.lvl  source  and  diagnostic 


3.3.2. 1  Introduction — A  source  of  vibra tionally  excited,  ground- 
state  nitrogen  that  was  free  from  atoms  or  atomic  and  molecular  metastables 
would  prove  invaluable  in  these  studies.  Morgan  and  Schiff  showed  that  vibra- 
tionaliy  excited  nitrogen,  which  was  created  in  a  microwave  discharge  through 
nitrogen,  was  easily  removed  with  only  a  slight  reduction  in  the  number  den¬ 
sity  of  nitrogen  atoms  when  a  glass  wool  plug  was  placed  in  the  flow  reactor 
somewhere  downstream  from  the  discharge  (Ref.  156).  This  technique  developed 
from  their  observation  that  the  vibra tionally  excited  nitrogen  was  more  effi¬ 
ciently  removed  from  their  flow  reactor  by  wall  collisions  t.oan  were  the 
nitrogen  atoms.  If  one  could  reverse  the  order  of  wall-recombination 


efficiencies,  tnen  one  coula  envision  removing  the  nitrogen  atoms  —  or  at 


least  drastically  reducing  them  —  while  retaining  the  vibra tionally  excited 


nitrogen.  Because  wall  collisions  remove  electronic  metastable  species  with 


almost  unit  efficiency,  one  would  then  be  left  with  a  flow  that  was 


vibra tionally  excited,  ground-elactronic-sta te  nitrogen.  Wire  screens  were 


added  to  the  flow  rube  downstream  from  the  discharge,  hoping  that  they  would 


remove  the  atoms  efficiently,  while  leaving  the  vibrationally  excited  nitroge 


largely  unaffected.  This  idea  stems  largely  from  the  work  of  Reeves  and 


coworkers  (Refs.  157,153),  and  Kenner  and  Ogryzlo  (Ref.  159),  who  have 


observed  electronic  excitation  following  catalytic  recombina tion  of  atoms  on 


various  wire  screens.  Most  of  the  work  used  screens  made  from  nickel  wire, 


The  first  idea  for  developing  a  diagnostic  for  vibrationally  excited 


nitrogen  was  to  extend  the  pioneering  work  of  Schmeltakopf  et  ai.  (Ref.  160) 


and  Toung  and  Horn  (Refs.  161,162).  They  relied  on  the  vertical  nature  of 


Penning-icnization  transitions  from  ground-electronic-stata ,  neutral  nitrogen 
to  produce  N2  (B'-Cu  ,v)  distribution,  characteristic  of  the  ground-state  dis¬ 


tributions.  Mixing  metastable  helium  atoms  with  a  flow  of  molecular  nitrogen 


results  in  strong  emission  of  the  nitrogen  first-negative  system,  N^tB  ‘Zu+ 


Since  the  Penning- ion  lea  tion  process  follows  a  Franck-Condor.  excita¬ 


tion  pathway,  the  vibrational  distribution  in  the  neutral,  ground  state  will 


determine  the  distribution  observed  in  the  upper,  ionic  state.  One  problem 


with  this  approach  is  that  care  must  be  taken  not  to  have  any  HeT  or  Hen*  in 


the  flow  of  metastable  helium.  Both  of  those  species  also  excite  quit 


strongly  in  char ge- transfer  reactions,  but  with  an  h'2  (3)  vicratior.al  distri¬ 


bution  that  is  decidedly  non-Franck-Condon  (Ref.  163).  The  major  problem  in 


applying  this  diagnostic  to  our  studies  of  energy  transfer  to  IF  is  that  t.ne 


diagnostic  is  most  sensitive  to  vibrational  excitation  of  tne  first  few  vibra 


tional  levels  in  the  ground  state.  The  excitation  of  IF(3),  and  ^(B),  or.  th 


other  hand,  requires  vibrational  excitation  of  3bout  10  and  30  vibrational 


quanta  respectively  to  effect  the  excitation.  We  had  hoped  to  be  able  to 


estimate  the  overall  vibrational  distribution  of  the  ground-state  nitrogen  by 


combining  our  excerimental  determination  of  the  vibrational  distribution  in 


the  Za.  ly  couple',  vicr  a  ti  :r.a  1- 3  ta  te  manifold  (Refs.  164.165). 


3. 3. 2. 2  Experimental --The  apparatus  used  in  these  experiments  ha  = 
been  described  in  most  respects  in  Subparagraphs  3.1.2  and  3.2.2.  This  para¬ 
graph  describes  the  modifications  required  for  the  measurements  related  to 
N-jv) .  Figure  51  snows  the  conf icuratuon  of  the  flow  reactor.  A  microwave 


-H 


arge  at  the  upstream  end  of  the  flow  reactor,  througr.  a  flow  of  helium 


and  nitrogen,  created  the  active  nitrogen.  The  active  nitrogen  entered  a  sec 
tion  of  2-in-diameter  Pyrex®  containing  three  side  arms.  Small  amounts  of  3F 
flowed  through  the  first  side  arm  to  attach  electrons  created  in  the  Penni.og- 
ionic3ticn  reactions.  A  rod,  to  which  the  metal  screens  were  attached, 
extended  through  the  second  side  arm.  This  allowed  the  screen  to  be  rotated 
either  parallel  to,  or  normal  to,  the  gas  flow  so  as  to  vary  the  effective 
diffusion  length  between  the  gas  species  and  the  wire  surfaces  on  the  screen. 
Thus,  t.na  efficiency  could  be  varied  with  which  the  screen  scavenged  active 
species  from  the  flow.  The  metastable  helium  atoms  entered  through  the  third 
side  arm.  A  second  length  of  2-in  flow  tube  separated  the  '<Mv)  preparation 
and  characterization  section  from  the  stainless  steel  viewing  region.  This 
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section  was  Xenon  coatea  anc  container  an  injector  tor  .  «e  .nave  oiscis;e: 


and  characterized  the  I?  source  previously  (Ref.  6).  The  0.5-u  monochrome  tor 


is  mounted  on  rails  so  that  it  could  oe  moved  toward  the  upstream  end  of  the 


reactor  to  observe  the  fluorescence  created  in  the  Penning-ioniza tion  reac¬ 


tion,  or  tack  to  the  stainless  steel  viewing  region  to  observe  the  interactior 


of  active  nitrogen  with 


A  photomulticlier/'interference  filter  combination 


(580  t  5  nm)  provided  photometric  measurements  of  the  intensity  of  the 


nitrogen  first-positive  bands  in  the  viewing  region. 


A  hollow-cathode,  dc  discharge  through  a  flow  of  purified  helium  created 


the  metastable  helium  atoms.  Flowing  the  gas  through  a  molecular-sieve  trap 


at  liquid  nitrogen  temperature  upstream  from  the  discharge  removed  most  of  tne 


impurities  in  the  helium,  including  nitrogen  and  oxygen,  with  the  exception  o‘. 


some  residual  neon.  The  small  amounts  of  neon  (00  ppm)  have  no  effect  or. 


observations.  A  number  of  years  ago,  it  was  shown  that  operating  the  hollow- 


cathode  discharge  at  high  voltage  and  high  current  tended  to  produce  signifi¬ 


cant  number  densities  of  atomic  and  molecular  helium  ions  (Ref.  163).  These 


ions  are  an  anathema  to  the  Panning-ionization  measurements  because  they  pro¬ 
duce  highly  ncn-Franck-Condon  distributions  in  the  N2+(3).  Thus  one  would  be 


led  to  falsa  conclusions  regarding  the  extent  of  ground-state  vibrational 
excitat-on.  The  discharge  was  operated  at  350  V  with  a  current,  limited  by  3 


200  resistor,  below  a  miliiamp.  The  absence  of  significant  ionic  numoer 


densities  was  confirmed  by  failing  to  observe  N2  (3,  v'  >  2)  when  the 


he  active- 


nitrogen  discharge  was  off. 


3. 3. 2. 3  Theorv  behind  the  Penning-ioniza  tion  measurements--!.-^ 


Penni.nc-ionization  between  metastable  helium  atoms  and  molecular  nitrogen  is  a 


vertical  process.  One  can  calculate  the  vibrational  distribution  in  the 


state,  therefore,  knowing  only  the  vibrational  distribution  in  the  lower  state 


and  the  Pranck-Condcn  factors  that  couple  the  two  states  together.  Thus 


wnera  v‘  and  v"  represent  the  vibrational  levels  of  the  upper  and  lower 
states,  respectively,  and  ivivn  is  the  Fra nek -Condon  factor  coupling  thee.  I 
theory,  if  one  measured  the  vibrational  distribution  in  the  upper  state,  it 
could  ce  determined  in  the  lower  state  by  simply  inverting  the  Franck-Condcr. 
matrix,  and  multiplying  this  inverse  matrix  on  both  sides  of  3q.  (102).  Chis 

procedure  does  not  work  in  practice  because  the  measurements  of  the  upper- 
state  populations  have  some  uncertainty  associated  with  them,  and  the  uncer¬ 
tainties  become  greatly  magnified  by  the  matrix  multiplication.  Jolly  at  al. 
(Ref.  1 66  J  apparently  did  use  this  approach  to  analyze  ^(v)  distributions 
created  in  a  glow  discharge.  We  do  not  understand  their  success  in  light  of 
our  lack  of  it.  Cur  spectral  fitting  approach  for  determining  nutter 

densities  ought  to  be  more  accurate  than  their  graphical  integration  of  one 
branch  from  each  band.  Cur  data  was  analyzed  using  a  model  to  describe  the 
N 2 1 2C )  vibrational  distributions  to  predict  W2+(5)  vibrational  distributions 
and  then  comparing  these  predictions  with  the  observations. 


A  set  of  Franck-Ccndcn  factors  was  calculated  over  the  range  of  ground- 
electror.io-state  vibrational  levels  of  0-18,  and  N^O) -state  vibrational 
levels  of  0-9 .  Che  calculational  procedure  was  previously  discussed  for 
determining  Franck-Cendcn  factors  (Ref.  167).  lacle  14  snows  tne  results  of 
these  calculations.  liven  the  Franck -Condon  factors  in  Cable  14,  tne  expected 
N'2~  v  = ) -s  ta  te  viorational  populations  were  calculated  relative  to  that  in 
N’2*;3,  V  =  C)  for  a  number  of  values  of  vibrational  temperature  of  ground- 
state  nitrogen  between  3C0  and  20,000  K,  assuming  a  Boltzmann  iis tribu ti on 
among  the  levels.  Figure  £2  shows  the  results  of  these  calculations.  If  tne 
ground-state  vibrational  level  populations  follow  a  3oltzmann  distribution, 
one  can  use  experimentally  derived  ratios  of  the  populations  of  the  various 
vibrational  levels  of  N2+(5)  relative  to  that  for  ( 3 ,  v‘  =  0)  and  Figure  £2 
to  find  the  vibrational  temperatures  of  ground-state  nitrogen  which  corre¬ 
sponds  to  those  exci ted-s ta te  population  ratios.  Che  exci ted-s ta te  population 
ratios,  of  course,  result  from  analyzing  the  W  2 ( 3  -  k )  spectrum  excited  m  the 
Penning- ion is a tion  reaction. 
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If  the  ground-electronic-state  vibrational  levels  do  not  follow  a 
3oltzmann  distribution,  one  can  still  compute  expected  excited  state  popula¬ 


tions  f r ota  Eq.  (131),  if  the  ground-state  distribution  is  hnown.  Effluents 


from  nitrqgen  discharges  are  'xnown  to  have  nonequilibr iua  vibrational  oistri- 
butior.s,  with  tr.e  higher  vibrational  levels  generally  aore  strongly  peculated 
than  would  be  predicted  on  the  basis  of  a  3oltzaann  distribution.  Capiteili 
and  Diionardo  (Ref.  163)  provided  an  analytical  approximation  which  is  reason¬ 
ably  accurate  for  ground-state  vibrational  levels  below  about  v"  =  1C.  For 
vibrational  levels  below  the  Treanor  minimum,  v  ,  the  distribution  is  that 
given  by  Treanor  et  al.  (Ref.  169): 
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where  ;i  is  the  Bcltzmann  vibrational  temperature  referenced  to  v"  =  1,  I  ii 
the  ambient  gas  temperature,  and  and  jexe  are  spectroscopic  constants  in 


units  of  cm 


-1 


The  Boltzmann  vibrational  temperature  is  given  by 


j  -  2.j  x 
0  0  0 


X  in  11  „  ,/N  „  . 

-  v"=1  v"=0y 


(  104 ) 


For  vibrational  levels  above  the  Treanor  minimum,  we  have 


'exp  -  ( v * ) 
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The  ?e r.ni.ng-icniza tion  spectrum  calculated  from  a  ground-state  distribution 
based  upon  Eqs.  (102),  (103),  and  (104)  is  significantly  different  from  wha! 


one  would  caicul 
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therefore  ought  to  differentiate  between  the  two  ground- 


13; 


x»l 


3.3.2. 4  Results  of  Che  Penni.ng-ioniza tion  measurements-Figures 
33  and  34  snow  a  portion  of  the  nitrogen  first-negative  spectrum  with  the 
a ctive-nitrogen  discharge  off  and  on,  respectively.  Clearly,  the  vibrational 
development  of  the  emission  is  greatly  enhanced  by  discharging  the  gas.  We 
determined  vibrational  populations  in  the  upper  state  by  fitting  the  spectrum 
in  the  manner  already  described  in  Subparagraph  3.1.2.  Early  in  this  measure¬ 
ment  program,  it  was  discovered  that  moving  the  monochromator  slightly  down¬ 
stream  from  the  injector,  through  which  the  He*  entered  the  reactor,  resulted 
in  a  much  different  vibrational  distribution  in  the  upper  state.  There 
appeared  to  be  no  reason  why  the  vibrational  distribution  in  the  active  nitro¬ 
gen  should  change  over  short  distances.  A  diffuse  emission  could  be  seen 
extending  somewhat  cowr.stream  from  the  well-defined  flame  created  by  the 
Penning-ionization .  Several  centimeters  downstream  from  the  injector,  bite 
Penning-ioniza tion  flame  disappeared,  and  only  the  diffuse  emission  remained. 
Figure  35  shows  this  spectrum.  On  the  assumption  that  the  emission  was  caused 
by  energetic  electrons  exciting  H2+(X),  a  trace  of  SFg  was  added  to  act  as  a 
scavenger  for  the  electrons.  This  addition  eliminated  the  diffuse  flame,  and 
also  resulted  in  Mo^B)  vibrational  distributions  which  did  not  change  with 
the  location  of  the  monochrome  tor  relative  tc  the  He*  injector.  Presumably, 
the  electrons  created  in  the  Penning-ionization  reaction  pick  up  some  extra 
kinetic  energy  either  from  stray  microwave  fields  which  have  penetrated  down¬ 
stream,  or  else  from  collisions  with  energetic  species  in  the  active  nitrogen. 
The  amount  of  energy  must  be  fairly  considerable,  because  exciting  N 2  "’’  (  B )  from 
requires  more  than  3  eV.  All  the  results  given  in  the  following  para¬ 
graph  were  obtained  in  the  presence  of  small  traces  of  3F^. 
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stream,  or  else 

The  first-negative  spectra  were  fit  to  obtain  populations  for  levels  2-3, 
although,  for  the  most  part,  only  vibrational  levels  0-7  contributed  any 
significant  intensity  to  the  spectra.  A  number  of  different  and  conflicting 
sets  of  Einstein  coefficients  for  the  N2+(32lu+  -  X2Zg+)  fill  the  literature 
(Refs.  33 , 1 1 2 , 1 70 , 1 7 1 ) .  In  particular,  the  constancy  of  the  electronic  tran¬ 
sition  moment  with  r-centroid  is  unsettled  (Refs.  172,173).  For  the  analysis 
of  data  taeen  for  this  report,  a  set  of  Einstein  coefficients  have  been  calcu¬ 
lated  based  upon  the  relative  electronic  transition  moment  variation  given  by 
3rovn  ar. d  bands.no::  (Refs.  172,174,175),  tne  Fr anck-Condon  factors  of 
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prcgra 


sf.  52)  and  a  radiative  lifetime  of  5 ,  v  ’  =0 )  of  55.5  ni 

5  lists  the  calculated  Einstein  coef f icients .  This  issue 
t  variation  is  being  investigated  further.  The  inter- 
constants  given  in  Lofthus  and  Xrupenie  (Ref.  25)  were 
ate  far  predicting  band  positions  accurately.  The  fittin 
cent  potential  constants  of  Gottscho  et  ai.  (Ref.  176;. 


linstein  Coefficients  for  Mo’’ ( 3 


2r  +  v 1  -  +  \  a 
-u  -•  -a  >  • 


5 

■ 

3 

s 

9  !  10 

1 

( 

0.018 

0.214 

0.049 

— 

1.08 

0.361 

0.C9S 

0.07.3 

2.09 

1.26 

0.506 

O.lci 

0 . 662 

1.74 

1.3  1 

0.622 

0.22 

0.452 

0.234 

1.33 

1.26 

0.69 

6.19 

0.345 

0.075 

1 .03 

1.15 

6.32 

3.32 

0.174 

0.003 

0.95 

_ 

. 

s  of  10°  s”! 


ai.ng  upon 
nto  three 
of  tna t 
s  tent. 


Fitting  our  distributions 
Dilonardo  was  more  successful. 
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Fitting  our  distributions  to  the  analytical  model  given  by  Capital.!  and 
Dilonardo  was  more  successful.  Figures  So  and  37  show  two  examples.  Clearly, 
the  nonequliibrium  model  does  a  reasonable  job  of  fitting  observations  out 
through  v'  =  5.  Che  sudden  discrepency  at  v'=7  is  not  clearly  understood. 

The  distribution  is  shown  which  would  be  predicted  were  the  ground-state  to  be 
determined  by  a  3oitzmann  distribution.  This  shows  graphically  the  inadequacy 
of  that  model  for  the  ground-state  levels.  We  hope  to  use  an  improved  model 
to  predict  the  population  distribution  up  to  higher  vibrational  levels. 


Observations  show  that  effective  vibrational  temperatures,  3 i ,  as  deter¬ 
mined  from  fits  of  the  data  to  2qs.  (-03)  and  (105)  rather  than  what  one  would 
calculate  from  Eq.  (104),  tended  to  be  smaller  with  larger  nitrogen  mole  frac¬ 
tions  flowing  through  the  discharge  (Figure  33)  and  also  at  higher  total  pres¬ 
sures.  Placing  a  nickel  screen  in  the  reactor,  downstream  from  the  discharge, 
only  slightly  reduced  the  effective  vibrational  temperature  of  the  nitrogen 
(about  5  percent) .  The  Penning-ionization  technique  appears  to  provide  a 
reasonably  accurate  monitor  of  the  vibrational  distribution  of  grou.nd- 
elactr onic-state  nitrogen,  at  least  for  the  lower  vibrational  levels. 

Extending  the  model  to  include  higher  vibrational  levels  would  need 
experimental  confirmation.  An  diagnostic  is  being  developed  which 

should  prove  sensitive  to  higher  vibrational  levels  under  another  contract. 

It  was  uncertain  as  to  how  well  the  populations  of  the  more  energetic 
vibrational  levels  of  h'2(v)  could  be  determined  using  the  technique  just 
descriced  coupled  wit.n  model  calcula tions ,  we  sought  a  diagnostic  for  IhiV) 
containing  energies  of  several  eV.  These  are  the  levels  which  would  be 
responsible  for  the  observed  excitation  of  IF(3)  and  ^(3).  One  possibility 
is  to  search  for  tail  bands  of  the  first-negative  system.  The  tail  bends  are 
bands  from  high  lying  levels  of  e.g.,  v‘  =  12-16,  which  are  red 

degraded  and  which  appear  to  the  red  of  the  normal,  blue  degraded  sequences  of 
the  first-negative  system.  Levels  up  through  v'  =  13  are  energetically 
accessible  from  v"  ■=  0  of  Uqf-'O,  but  vertical  transitions  to  these  levels 
would  most  likely  occur  from  v”  =  to-20  which  lie  4  to  5  eV  above  v"  -  0. 
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Observing  me  nitrogen  second-negative  system  rroa  tne  interaction 
between  aetastabie  helium  ato.as  and  active  nitrogen  establishes  the  presence 
in  the  afterglow  of  aetastabie  nitrogen  containing  at  least  3.3  eV.  One  pos¬ 
sibility  for  these  aetastables  aight  be  N2(A^"U+)  Or  h'2 (a 1  1 0 u“ )  both  of  vnioh 
have  been  observed  in  active  nitrogen  afterglows.  Clean  sources  have  oeen 
aade  of  these  two  aetastables,  therefore,  and  observed  the  resulting  spectra 
when  they  were  aixed  with,  helium  aetastables.  The  h’2(A^Eu”)  is.  produced 
cleanly  by  adding  Nj  downstraaa  from  a  hollow-cathode,  d.c.  discharge  t.nrough 
a  aixture  of  heliua  and  argon.  Scans  of  the  Vegard-Kaplan  bands  between 
220  and  400  na  established  that  the  ^(A)  number  densities  from  this  source 
were  of  comparable  magnitude  to  those  obtained  from  the  active-nitrogen 
discharge.  Turning  the  aetastabie  nitrogen  on  and  off  in  the  presence  of 
aetastabie  helium  had  no  effect  on  the  emissions  in  the  region  between 
1  S3  and  200  run.  ^(a1)  is  aade  along  with  slightly  enhanced  number  densities 
of  Mj^A)  -  about  a  factor  of  3  -  when  the  molecular  nitrogen  flows  through  th 
dc  discharge  with  the  He/Ar  mixture.  Again,  turning  the  aetastabie  nitroge 
on  and  off  had  no  effect  on  the  emissions  between  135  and  200  run.  It  was  con 
eluded  tnat  interactions  between  metastable  helium  and  ^(A)  and  l^la1)  do  r.c 
produce  N2+(C)  .  The  appearance  of  ^""(C)  from  the  interaction  between  meta- 
stable  helium  and  active  nitrogen,  therefore,  appears  to  be  the  result  of 
Penning-icnization  of  ground-eiectror.ic-sta te  nitrogen  containing  at  least 
3.3  eV  of  vibrational  energy. 


The  first-negative  bands  in  the  presence  and  absence  of  the  molecular 
nitrogen  metastables  were  monitored,  to  see  if  the  hollow-cathode  sources  pro¬ 
duced  any  significant  levels  of  vibrationaily  excited  nitrogen  in  lower  vibra 
tional  levels.  The  ratio  of  the  populations  of  v1  *  1  to  v1  ■  0  of  h'2+(S) 
remained  unchanged  in  the  presence  or  absence  of  ^(A)  or  NjCa'),  and  we  saw 
no  evidence  of  any  higher  levels  of  N2+C3)  except  for  the  trace  of  v1  *  2 
which  accounts  for  0.2  percent  of  the  Penning-ioniza tion  of  300  K  N- •  We  con 
elude  that  the  vibrational  temperature  produced  in  the  hollow-cathode  dis¬ 
charges  is  below  1000  K  and  that  this  discharge  produces  no  significant  level 
of  vibra tionaliy  excited  nitrogen,  i.e.,  >  96  percent  V  =  0. 
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In  summary,  Pennir.g-icniza tion  of  N'nlv)  by  neta stable  helium  atoife 
excites  :<'-^(3)  up  to  at  least  v'  =3.  Analysis  indicates  the  ground-state 
nitrogen  vibrational  distribution  is  highly  non-3oltzmann,  with  effective 
vibrational  tampera'tures  of  up  to  6,OCO  K  at  times  up  to  10  as  downstream  from 
the  active-nitrogen  discharge.  The  diagnostic  is  complicated  by  the  presence 
of  free  electrons  created  in  the  Penning-ionization .  These  free  electrons 
absorb  energy  from  the  active-nitrogen  medium  and  produce  further  excitation 
of  Nn*(3).  Adding  traces  of  SF^  removes  the  free  electrons  from  the  reactor, 
and  thereby,  eliminates  their  interfering  effects.  Observing  emission  from 
N2*;0),  from  Penning-ionization  reactions  in  the  afterglow,  demonstrates  the 
presence  of  Soiv)  containing  at  least  3.3  eV  internal  energy. 


3 . 3 . 2 . 3  Observations  of  nitrogen  first-positive  emission  — 

Another  possible  diagnostic  for  the  presence  of  N^Cv)  with  relatively  large 
amounts  of  internal  energy  is  to  monitor  the  emission  of  the  nitrogen  first- 
positive  bands,  N’2(337g  -  A3”u+).  These  bands  emit  strongly  in  the  afterglow 
many  tens  of  milliseconds  downstream  from  the  discharge  (Figure  30) .  Some  of 
the  observed  emission,  of  course,  is  just  normal  Lewis-Rayleigh  afterglow 
which  is  excited  from  the  recombination  of  atomic  nitrogen.  Such  emission, 
however,  has  a  very  characteristic  vibrational-level  distribution,  peaking 
strongly  in  vibrational  levels  10-12  at  low  pressures  in  nitrogen  or  helium 
bath  gas  (Figure  3’).  In  addition,  for  the  N-atora  number  densities  present  in 
the  reactor  and  the  total  pressures  in  the  system,  such  emission  is  relatively 
weak.  The  primary  emission  observed  has  a  vibrational  distribution  which 
peaks  at  low  vibrational  levels,  is  relatively  strong  at  low  pressures,  and 
quenches  readily  upon  the  addition  of  molecular  species  such  as  O2 ,  CO,  and 
C02*  ~he  quenching  is  much  too  efficient  to  be  either  electronic  quenching  of 
the  first-positive  emission  itself,  or  to  result  from  reactions  of  the  mole¬ 
cules  themselves  with  atomic  nitrogen.  Thus,  a  long-lived  aetastable  state  of 
nitrogen  travels  down  t.ne  flow  reactor  many  milliseconds,  and  then  is  coupled 
collisionally  into  the  state  in  the  field  of  view.  In  this  way,  the 

nitrogen  first-positive  emission  can  act  as  a  tracer  of  this  metastable 
species . 
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Ihe  only  three  known  electronically  excited  nitrogen  me  oas  tables  vie n 
sufficiently  long  lifetimes.  to  travel  tens  of  nilliseccnds  down  the  flow  reac¬ 
tor  -are  M-l  ,  N’ota1  Iu~ ,  V  =  C)  ,  and  NT2  C^3AU,  v'  =0).  Energy-pooling 

reactions  of  lolA]  are,  indeed,  a  source  cf  N2(3)  excitation.  Measurements  in 
Paragraph  3.2,  r.ovevar,  have  demonstrated  that  energy  pooling  cf  M-(A)  at 


nuQoer  densities  of  10^  to  10|IJ  molecules  ca-J  produce  M2(3,>  number  densities 


>10 


of  only  10J  to  10’  molecules  cm-3.  The  active-nitrogen  source  of  N2(3j,  on 
the  ether  hand,  generates  number  densities  three  to  four  orders  of  magnitude 


jreater  than  this.  Molecular  hydrogen  readily  quenches  M  ->  (  a  '  )  (Ref.  14( 


i 


Adding  small  traces  of  aolecular  hydrogen  to  the  active  nitrogen  afterglow, 
however,  has  little  effect  the  first-positive  intensities  at  .number  densities 


sufficient  to  remove  ail  the  the  M2(a').  The  M2  ('■"»,  v'=C)  state  lies  73. S  cm-' 
above  '..’-,3,  v‘  =  0)  (Ref.  179).  Several  workers  have  shown  that  the  5-  and 
w-states  are  coupled  quite  efficiently  (Ref.  132,133,147).  Collisions  with 
the  helium  bath  gas  would  couple  the  N2(W,  v*  =  0)  to  N2(3,  v'  =  w.nere  it 
would  decay  radiative!'/  on  the  time  scale  of  tens  of  microseconds .  It  is  con¬ 
cluded,  therefore,  that  high  vibrational  levels  of  the  ground-electronic  state 
of  nitrogen  couple  with  h'2(3)  in  the  reactor. 


Placing  the  Mi  screen  in  the  reactor  does  attenuate  the  N2(S)  intensi¬ 
ties,  but  does  not  change  the  observed  vibrational  distribution  (Figure  92). 

By  rotating  the  ssreen  either  normal  to  or  parallel  to  the  gas  flow,  we  could 
vary  cue  first-positive  intensity  by  up  to  a  factor  of  30.  Similar  changes  in 
screen  position  reduced  effective  nitrogen  vibrational  temperatures  by  only 
only  5  to  10  percent.  The  N2(3)  number  density  does  vary  linearly  with  the 
number  density  of  N2(X,  v  *  5),  as  determined  from  vibrational  temperature 
measurements  (Fig.  93),  but  placing  a  Mi  screen  in  the  flow  reduces  tie  N-q3) 
number  density  drastically  but  has  only  a  small  effect  on  the  N2(X,  v  o  5) 
number  density.  Thus,  the  correlation  is  only  qualitative,  and  no  guantita- 
tive  relationships  result  from  it.  The  measurements  should  be  repeated  using 
NM*C)  as  the  M-uv)  diagnostic. 
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TABLE  1o.  Scectroscocic  Parameters  cf  I?  and  Similar  Moleculei 
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observed  spectres  cannot  fit  by  the  normal  least-squares  approach.  We  have 
determined  the  contributions  to  the  spectrum  from  IF(3)  by  fitting  individual 
IF{3)  oasis  functions  by  trial  and  error  until  an  adequate  agreement  is 
obtained  with  the  obvious  IF(B)  features.  Figures  99  tnrough  *01  illustrate 
this  procedure  over  three  different  wavelength  regions.  The  observed  spectra 
already  have  had  the  N*2  first-positive  ccntribu tions  subtracted  out  of  them. 
The  spectral  region  between  450  and  500  nr  contains  mostly  bands  of  IF' 5)  fro 
vibrational  levels  v1  =  3-3.  The  populations  of  these  vibrational  levels, 
therefore,  can  be  determined  fairly  cleanly  in  this  spectral  region.  The  con 
tributions  of  these  levels  to  the  spectrum  at  longer  wavelengths  then  will  be 
reasonably  well  determined.  Over  the  wavelength  region  between  500  and  600 
ns,  the  major  vibrational  levels  of  IF(3)  contributing  to  the  spectrum  are 
v1  =  0-2.  Fairly  isolated  bands  at  533,  551,  and  563  nm  determine  the  v*  =  1 
population  reasonably  well.  In  the  spectrum  shewn,  the  v1  =  0  and  2  popula¬ 
tions  can  oe  determined  only  by  fitting  shoulders  of  bands.  Certain  condi¬ 
tions  in  the  reactor  favor  the  IF(3)  over  systems  1  and  2,  so  that  seme  spec¬ 
tral  fits  give  quite  good  populations  for  v'  =  0.  Figure  102  summarizes  the 


population  ais tributions  determined  from  fits  to  several  spectra.  The  vibra¬ 
tional  distribution  fits  quite  well  to  that  given  by  an  1150  :<  Boltzmann 
vibrational  temperature.  The  significance  of  a  Boltzmann  distribution  in 
terms  of  the  dynamics  of  the  energy  transfer  is  unclear.  In  addition,  such 
distributions  are  somewhat  dependent  on  the  conditions  of  the  measurement 
since  I F  ( 3 )  vibrational  relaxation  by  He,  Ar,  and  h'2  is  efficient  (Refs.  6,7) 
Figure  103  shows  the  residual  spectrum  of  the  two  new  band  systems  when  both 
the  active  nitrogen  and  the  IF(3)  contributions  have  been  subtracted  out. 
Figures  104  and  105  show  spectra  between  450  and  650  na  taken  under  condi¬ 
tions  to  enhance  system  1  and  1F(3)  features,  respectively,  relative  to  the 
other  two  systems. 


3. 3. 3. 2  IF*  Excitation  Rates  in  Active  N? — To  characterize  the 
energy  transfer  between  active  nitrogen  and  IF,  some  IF*  excitation  rates  hav 
been  measured.  The  IF*  will  be  in  steady  state  in  the  observation  volume  so 
that  its  formation  and  destruction  rates  can  be  equated.  Neglecting  IF* 
quenching  gives 


I 


IF' 


k 

ex 


(  107) 


where  kex  is  the  excitation  rate  coefficient  for  IF*  excitation  by  active  *.'2, 
and  kr3CJ  is  the  IF*  radiative-decay  rate.  Equation  (107)  snows  that  without 
knowing  the  identity  of  the  precursor  for  tne  IF*  excitation,  the  product  of 
the  excitation-rate  coefficient  and  the  number  density  of  the  precursor 
species  can  oe  determined. 


Figure  106  shows  the  variation  in  the  intensity  of  the  5,0  band  of  IF(3) 

as  a  function  of  number  density  of  added  IF  for  a  number  of  different  initial 

^2(3)  number  densities  in  the  reactor.  The  N2O)  number  density  was  varied  by 

changing  the  angle  of  rotation  of  a  Ni  screen  in  the  flow,  and  was  monitored 

with  the  530  nm  photometer.  Figure  107  shows  that  the  excitation  rates  deter- 

•  • 

mined  from  the  slopes  of  the  lines  in  Fig.  106,  corrected  for  absolute  photon 
emission  rates  and  for  the  fraction  of  total  IF(3)  emission  appearing  in  the 
5,0  rand,  vary  linearly  with  the  measured  number  densities.  If  Ng-'F) 

ware  tr.e  species  responsiole  for  the  IF(3)  excitation,  the  slope  in  Fig. 
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would  give  the  excitation  rate  coefficient.  The  value  derived,  however,  15 
(5.5  r  C.4)  :<  10~3  cm-3  molecule"1  s"1,  more  than  an  order  of  magnitude 
greater  t nan  gas  kinetic,  meaning  that  N>(3)  cannot  be  the  excitation  partner 
The  data  show  quite  clearly  that  the  excitation  rates  do  vary  with  h'^  i  i  • 
number  density.  A  previous  study  indicated  this  was  probably  true  (5.ef.  6), 
but  scatter  in  that  data  prevented  unequivocal  confirmation  of  this  correla¬ 
tion.  Figure  103  shows  that  the  intensity  of  the  series  2  cand  at  525  nm 
varies  linearly  with  added  IF,  and  Fig.  109  shows  that  the  series  1  and  2  ban 
intensities  also  vary  linearly  with  the  N2O)  number  density  in  the  flow  reuc 
tor  when  the  IF  number  density  is  held  constant.  We  wish  to  stress  that  the 
■ J  2  ( 5 ;  dees  not  appear  to  be  the  actual  precursor  itself,  rat.-.er  the  metastani 
which  excites  t.ne  IF*  emissions  apparently  also  is  coupled  collis ionallv  to 
the  (  3 )  s  ta  te  . 


In  trie  previous  study,  the  excitation  rates  of  IF(3)  were  chosen  to  be 
either  too  large  to  be  caused  by  the  known  long-lived  aetastables  in  the  -reac¬ 
tor,  or  else  they  varied  in  a  way  which  was  incompatible  with  expected  varia¬ 
tions  in  the  number  densities  of  other  metastables  in  the  reactor.  This  point 
still  remains  to  be  proven  unequivocally.  In  particular,  simultaneous  deter¬ 
mination  of  I?’  excitation  rates  and  number  densities  of  the  atomic  nitrogen 
aetasta'cies,  N’(-D,  **P)  remains  to  be  done.  In  addition,  the  N'n(A  _u  )  number 
density  in  the  active  nitrogen  has  not  been  pinned  down,  although  the  observed 
I F l 3 )  vibrational  distribution  is  incompatible  with  excitation  primarily  by 
N->(A),  and  the  previous  studies  demonstrated  clearly  that  systems  1  and  2  are 
not  products  of  the  interaction  of  Nn(A)  with  IF  (Ref.  7).  The  IF(3)  excita¬ 
tion  rates  measured  in  this  study  are  somewhat  smaller  than  those  determined 
previously,  but  transit  times  between  the  discharge  and  the  observation  region 
were  somewhat  shorter,  so  presumably  the  number  density  of  the  active  species 
has  been  quenched  somewhat  more  extensively  in  the  present  work. 
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